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ABSTRACT 


This  research  was  conducted  to  assess  the  utility  of  flash  X-ray  techniques  in 
soil  dynamics  studies.  Areas  where  these  techniques  should  be  successful*  their 
limitations,  and  the  type  of  information  to  be  expected  from  them  are  discussed. 
Static  and  dynamic  tests  were  conducted  on  soil  samples  of  various  thicknesses 
and  densities,  and  on  buried  structures  of  various  dimensions  using  the  Zenith 
Roiic  research  Corporation  Model  1454  Flash  X-Ray  System.  Initial  tests  defined 
the  proper  techniques  to  record  pictures  under  optimum  conditions  ot  exposure, 
scatter  elimination,  and  sample  size  and  density.  Final  tests  showed  that  qual¬ 
itative  information  could  be  collected  on  certain  loose  soils  and  that  interac¬ 
tion  problems  could  be  designed  to  yield  large  deformations.  Soil  thicknesses 
of  over  5  inches  could  not  be  penetrated  satisfactorily  by  the  Zenith  Flash 
X-Ray  System.  However,  recent  preliminary  tests  (June  1965)  with  a  300-kv  Field 
Bnission  Corporation  field -emission  X  ray  were  made  through  8  inches  of  soil. 

It  was  concluded  (1)  that  direct  recording  on  film  instead  of  using  an  image 
intensifier  provides  better  contrast,  field  of  view,  and  resolution,  but  problems 
of  intensify  and  film  transportation  are  great;  (2)  that  more  refined  techniques 
and  improvements  are  needed  to  collect  quantitative  information;  and  (3)  that  the 
inadequate  state-of-the-art  in  multiple  flash  X  rays  at  the  time  of  this  research 
limited  their  utility  in  soil  dynamics,  Furthe?  investigation  is  recommended 
based  on  recent  and  significant  developments  in  field-emission  X-ray-type  systems. 
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SECTION  I 


INTRODUCTION 


1.  Purpose  of  Report. 

'Ihis  -report  reviews  the  history  of  X-ray  studies  in  soil  dynamics  at  the 
Eric  H,  Wang  Civil  Engineering  Research  Facility  (CER*)  since  early  1963;  presents 
data  obtained  from  these  studies;  points  out  the  difficulties  of  applying  flash 
X-ray  techniques  to  soil  dynamics;  and  recomnends  areas  of  further  study  and  devel¬ 
opment  that  may  result  in  an  effective  flash  X-ray  analysis  and  measurement  tech¬ 
nique  in  soil  dynamics. 

2 .  Role  of  X  Rays  in  Soil  Studies. 

X  rays  have  been  used  occasionally  in  soil  mechanics  to  monitor  soil- 
density  changes  under  load  or  as  a  result  of  various  placement  techniques 
(Refs.  1,  2).  Tracking  the  motion  of  small,  X-ray-opaque  pellets  in  the  soil  has 
also  been  an  important  application  (Refs.  2,  3,  4,  5). 

Three  unique  features  of  the  X-ray  technique  make  it  a  desirable  method 
of  measurement  in  soil.  First,  it  is  a  whole-field  technique  which  gives  a  full 
picture  of  the  events  in  an  area  that  can  be  photographed.  In  comparison,  gapes 
placed  in  soil  to  measure  soil  or  structure  motion  can  give,  essentially,  only 
point  information.  X  rays  may  be  used  to  define  the  progression  and  shapes  of 
failure  planes,  a  decided  advantage  over  other  instrumentation  techniques .  Second, 
the  penetration  of  X  rays  through  a  soil  sanple,  resulting  in  the  exposure  on  re¬ 
cording  film,  is  s  ai~  t  function  of  the  soil  density  and  is  a  c.nvenient  way  to 
record  density  changes  as  stresses  are  developed  in  a  soil  mass.  Third,  very 
small,  opaque  pellets  (slightly  larger  than  soil  grains)  ei&edded  in  a  soil  mss 
can.  be  tracked  when  subjected  to  stress  changes.  Thus,  many  disp  aconent  measun*- 
pjents  of  soil  can  be  taken  in  the  field  of  view  by  setting  up  an  array  of  pellets. 
The  measurements  may  be  taken  without  disturbance  of  the  so* 1  by  infernal  instru¬ 
mentation  since  the  X-ray  source  and  recording  medium  are  outside  of  the  soil  sam¬ 
ple.  Generally,  soil-placed  gages  will  affect  the  surrounding  soil  motions  which 
occur  when  stress  is  applied  to  the  soil  (Refs.  6,  7,  8).  Factors  such  as  modulus 
mismatch,  acoustic  iiapedance  mismatch,  and  arching  will  influence  the  readings 
from  an  embedded  gage.  Adequate  corrections  of  these  factors  are  usually  diffi¬ 
cult  to  apply. 
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The  X-ray  technique  used  in  the  study  of  soil  dynamics  has  not  yet  pro¬ 
duced  the  expected  results  (Ref.  9).  Repetition  rate,  duration,  and  intensity  of 
X  rays  have  not  been  developed  to  a  point  where  the  information  on  a  dynamic  rec¬ 
ord  is  adequate  for  analysis  of  the  changes  in  the  soil  as  a  stress  wave  passes 
through  it.  Minimizing  the  scattering  of  X  rays  in  soil  also  requires  extensive 
investigation. 

3.  Review  of  Static  Work. 

In  1929  Gerber  (Ref.  3)  used  X  rays  to  determine  the  overall  displace¬ 
ments  in  a  soil  saaple  when  a  failure  load  is  applied.  He  was  able  to  track  3-nm 
(millimeter)  lead  pellets  in  sand  loaded  by  a  3-inch  steel  plate.  The  thickness 
of  the  sample  was  8  inches,  the  maximum  thickness  that  c-’ld  be  effectively  pene¬ 
trated.  The  photographs  were  not  clear  enough  to  be  reproduced,  and  some  of  the 
pellets  did  not  show  era  the  radiographs. 

The  next  major  step  in  the  me  of  the  X-ray  technique,  with  a  continuous 
source  system,  did  not  occur  until  1949  when  Davis  and  Woodward  (Ref.  2)  investi¬ 
gated  a  two-dimensional,  footing- failure  problem.  Thei  results  were  very  encour¬ 
aging;  density  changes  and  incipient  failure  .planes  and  patterns  were  easily  seen 
beneath  the  footing.  Lead  bird  shot  was  placed  in  a  mesh  below  the  footing,  and 
displacements  of  the  shot  were  measurable  at  depths  of  three  footing  widths . 

A  dense  wedge  which  developed  directly  beneath  the  footing  was  also  easily  de¬ 
tected.  Their  study  eaployed  direct  exposure  of  11-  by  17- inch  X-ray  film,  as 
well  as  a  fluorescent  screen  placed  behind  the  soil  sanple,  and  was  photographed 
with  a  35-mm  camera.  The  soil  saaples  were  moderately  well -contacted  sands,  3.0 
to  4.5  inches  thick.  The  latter  dimension  was  the  maximum  thickness  that  cculd 
be  penetrated  by  their  X-ray  svstem. 

In  1951  Berdan  and  Bernhard  (Ref.  1)  performed  pilot  studies  on  density 
measurements  by  X  rays.  In  essence  they  took  pictures  before  and  after  compaction 
of  a  soil  saqple.  A  granular  beach  sand  and  a  cohesive  silt  were  used;  and  the 
samples  were  3.11  inches  thick.  The  X-ray  equipment  was  a  Westinghouse  Industrial 
Uhit  with  a  150-kilovolt  (kv)  rating.  The  X-ray  exposure--at  60  kv,  30  ma  (milli- 
aaperes) ,  and  a  48-inch  focal  length- -was  9  minutes  and  produced  a  readable  X-ray 
film  placed  behind  the  soil  saaple.  The  authors  demonstrated  that  the  plot  of 
soil  density  versus  X-ray  print  density  hollows  a  straight-line  law  of  the  form 

L  -  104.5  -  1.16p  (1) 
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where 

D  ■  soil  density  of  the  Hagerstown  silt  soil  sasple  in  percentage  (100-percent 
soil  density  represents  the  maxinum  conpaction  within  the  sanple  which  could  be 
obtained  by  tanping) ,  and 

p  ■  photocell  output  from  X-ray  print  in  0.1  micro amperes. 

The  film  densities  were  measured  by  using  conventional  densitometer  techniques. 

It  was  possible  to  plot  isopycs  (contours  of  equal  density)  throughout  the  sample. 
Large  density  changes  (10  to  15  percent)  did  occur.  However,  the  minimum  density 
change  that  could  be  detected  was  not  determined.  Ihey  also  embedded  a  pressure 
cell  in  the  soil  which  was  then  compacted.  The  decreased  density  in  an  area  below 
the  cell  was  obvious  from  the  radiographs. 

More  recently  Roscoe  et  al.  (Ref.  4)  used  a  continuous  X-ray  technique 
to  determine  strains  in  sand.  This  study  was  conducted  in  a  model  earth-pressure 
apparatus  (Ref.  5)  to  determine  the  state  of  stress  and  strain  behind  a  vertical 
wall  structure  as  the  structure  was  rotated  from  the  surface  into  the  soil  mass. 

The  apparatus  had  glass  walls  6  inches  apart,  and  X-ray  film  was  placed  in  a 
cassette  directly  behind  the  sample.  The  equipment  was  a  continuous  industrial- 
type  Hiller  M.  G.  150  X-ray  machine  with  a  maxi  mm  rating  of  8  ma  at  150  kv  with 
a  1.5-mm  focal  spot.  The  sand  was  used  in  a  dense  state  (void  ratio,  e  ■  0,55), 
and  adequate  pictures  were  obtained  with  a  source  current  of  8  me  at  130  kv  and 
an  exposure  time  of  4  minutes.  Displacements  of  lead  shot,  2.5  mm  in  diameter 
and  placed  in  a  fine  mesh  behind  the  wall  structure,  were  tracked  with  satisfac¬ 
tory  results.  Shear  planes  and  planes  of  incipient  failure  could  be  detected  from 
the  dilatancy  which  took  place  cm  these  planes. 

Arthur  et  al.  (Ref.  5)  were  interested  in  studying  plane-strain  problems 
which  required  that  the  apparatus  walls  be  rigid,  have  a  low  coefficient  of  fric¬ 
tion,  and  be  transparent  to  X  rays.  Designing  walls  with  these  characteristics 
is  difficult  when  the  X-ray  flux  and  exposure  time  are  limited,  as  in  a  dynastic 
situation.  However,  the  information  presented  in  References  4  and  5  prove  rather 
convincingly  that  for  static  work  in  soil  the  X-ray  technique  is  a  very  useful 
means  of  instrumentation. 
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SECTION  II 

TECHNIQUES  IN  SOIL  DYNAMICS 

The  major  difference  between  X-ray  studies  in  static  and  dynamic  soil  tests 
is  the  amount  of  tin  available  during  the  test  to  pass  sufficient  X  rays  through 
the  saaple  to  adequately  expose  the  recording  film. 

When  the  tests  ere  dynamic,  two  types  of  available  X-ray  machines  may  be  used. 
The  first  has  a  multiple  flash  X-ray  source  with  t  pulse  width  of  usually  less 
than  1  microsecond  (ysec).  The  duration  of  the  pulse  is  short  enough  to  essen¬ 
tially  stop  the  action  in  a  soil  saaple  loaded  dynamically.  The  mother  of  pictures 
or  frame  rate  per  second  (fr/sec)  and  the  tin.?  lapse  betwec '  pictures  depend  on  the 
mrnber  of  voltage  pulses  applied  to  the  X-ray  tube,  or  the  pulse-repetition  fre¬ 
quency  (prf).  The  pictures  are  recorded  with  a  high-speed  motion  picture  camera 
after  the  shadowgraph  from  the  transmitted  X  rays  has  been  transformed  and  con¬ 
verted  to  visible  light  through  an  X-ray  image  intensifies  The  transmitted  X  rays 
can  be  used  to  expose  X-ray  film  directly  without  an  image  intensifier  and  a  high¬ 
speed  motion  picture  camera.  If  the  film  is  held  stationary,  the  record  is  in  the 
form  of  a  series  of  multiple  exposures  on  one  frame.  The  film  on  a  drum  can  be 
rotated  at  a  convenient  rate  to  provide  multiple  frames  with  a  single  exposure. 

The  time  history  in  all  cases  is  provided  by  the  pulse- repetition  frequency. 

The  second  machine  has  a  constant-potential  X-ray  source  which  produces  a  con¬ 
tinuous  flow  of  X  rays  throu^i  the  soil  saaple.  By  rotating  a  drum  wxth  the  film 
on  it,  a  streak  photograph  of  buried  objects  may  be  obtained.  The  deviation  of 
this  streak  from  its  original  path  is  directly  related  to  th@  displacement  of  the 
object  in  the  soil.  Since  the  dn®  velocity  provides  the  time  base  for  this  rec¬ 
ord,  the  slope  of  the  streak  is  directly  related  to  the  object  velocity. 

The  use  of  radioactive  pellets  (gaam*-ray  emitters)  embedded  in  soil  has  also 
been  given  some  attention  (Refs.  9,  10).  In  most  cases  detection  of  the  motion  of 
the  radioactive  pellet  is  the  means  of  obtaining  information.  However,  it  my  be 
possible  to  use  the  irradiating  flux  from  a  particularly  radioactive  isotope  m 
the  same  manner  as  the  flux  from  X-ray  machines  is  used.  Tnis  technique  would 
maintain  the  whole-field  characteristics  of  X  rays  and  permit  the  use  of  thick 
soil  saaples  if  the  radioactive  isotope  were  buried  in  the  soil  sample  behind  the 
lead  pellets  (Fig.  1) ,  The  radioactive  isotope  most  be  placed  so  that  it  does 
not  affect  the  accurate  measurement  of  the  displacement  of  lead  pellets  during  a 
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dynamic  soil  test.  The  intensity  of  the  gamna-ray  flux  is  increased  in  this  tech¬ 
nique  by  greatly  reducing  geometric  attenuation  (Fig.  1). 

Some  pronounced  differences  between  the  pulsed  X-ray  source  and  the  gamma-ray 
source  require  investigation.  For  exanple,  the  radiation  quality  and  intensity  of 
a  radioactive  source  are  determined  by  the  amount  and  nature  of  the  emitter,  and 
they  cannot  be  changed  with  the  same  ease  as  an  X-ray  system.  The  gamma  rays  from 
cobalt  60  jco60]  have  relatively  great  penetrating  power  and  can  be  used  to  radio¬ 
graph  sections  of  8-inch  thick  steel  (or  24  inches  of  aluminum).  Such  penetrations 
require  long-time  exposures.  The  radioactive  pellets  are  essentially  isotropic 
point-source  radiators,  and  about  one -hundredth  of  the  radiated  flux  can  be  uti¬ 
lized.  Further  studies  are  necessary  to  determine  the  gaama-ray  intensity  versus 
exposure  times  required  for  dynamic  soil  measurements.  The  spectral  energy  dis¬ 
tribution  of  Co60,  for  exanple,  is  considerably  different  than  for  a  1-Mev  Onil lion- 
electron  volt)  X-  ray  machine.  The  X  rays  are  given  off  in  a  continuum  of  energies 
from  1  Mev  to  0,  and  the  gamma  rays  are  emitted  as  two  spectral  lines  with  energies 
of  1.3  and  1.2  Mev. 

Preliminary  investigation  of  the  technique  presented  in  Figure  1  indicates 
its  major  problems,  which  overshadow  its  advantages:  (1)  developing  a  sinple 
method  for  obtaining  frames  of  data  from  the  continuous  gamna-ray  source,  (2)  over¬ 
coming  hazards  of  handling  and  positioning  radioactive  isotopes,  and  (3)  obtaining 
sufficient  gsnna  rays  from  the  amount  of  radioactive  material  which  can  be  placed 
in  the  soil  without  changing  its  characteristics. 

Since  there  has  been  very  little  research  on  application  of  radioactive  pel¬ 
lets  to  soil  measurements,  new  designs  and  techniques  will  have  to  be  tested.  It 
is  likely  that  development  of  an  adequate  measurement  system  would  require  from 
two  to  three  years. 

Embedded  radioactive  isotopes  may  be  used  in  two  other  ways  which  are  not, 
however,  whole-field  techniques.  The  first  is  siaply  to  eabed  the  isotope  in  the 
soil  bin  and  detect  its  motion  with  scintillating  crystal  detectors  (Ref.  9) . 

The  resolution  capabilities  of  this  first  technique  raise  a  serious  question. 
For  example,  will  it  be  possible  to  reduce  the  field  of  view  of  the  scintillating 
detectors  to  prevent  cross  detection  by  shielding  so  that  displacements  of  less 
than  5  mils  (milUinches)  can  be  resolved?  Actually,  displacements  as  small  as  1 
mil  will  need  to  be  resolved  for  evaluation  tests  of  such  a  soil  measurement 
system. 


Figure  1.  Buried  radioactive  pellets 


The  second  approach  is  to  apply  the  Mossbauer  effect,  which  is  a  resonance 
absorption  of  gamma  rays  where  both  the  emitting  and  absorbing  nuclei  of  isotopes 
are  prevented  from  recoiling.  Mossbauer  demonstrated  that  the  technique  gave  in¬ 
teresting  Doppler  effects  when  the  source  and  absorber  were  in  relative  motion 
(Ref.  11).  Further  study  of  the  Doppler  effects  indicate  the  possibility  of  the 
emitter  being  buried  in  a  soil  sanple  while  the  absorber  is  held  stationary  with 
detection  equipment  outside  of  the  sanple.  The  result  would  be  an  accurate  time 
record  of  the  motion  of  the  emitter  embedded  in  the  soil. 

The  main  advantage  (which  requires  experimental  verification)  of  the  use  of 
embedded  radioactive  isotopes  is  the  accuracy  of  the  motion  measurements  that  could 
be  made  without  harmful  disturbance  of  the  soil.  The  disadvantage  is  that  both 
techniques  are  a  point-by-point  detecting  system  and  may  require  crowding  several 
scintillators  around  a  soil  sample  to  gather  sufficient  information.  These  tech¬ 
niques  might  be  applied  successfully  in  tests  when  two  or  three  motion  measurements 
are  required  in  severe  shock- temperature  environments  where  displacement,  velocity, 
or  acceleration  gages  do  not  work. 

In  selection  of  an  X-ray  system  some  priorities  based  an  penetrability,  prac¬ 
ticability,  and  availability  have  developed.  After  discussion  with  experts  in  the 
application  of  X  rays  to  nondestructive  testing  and  fields  closely  associated  with 
soil  dynamics,  priorities  in  the  following  order  are  suggested: 

1.  Multiple  flash,  field-emission- type  X-ray  system.  (This  selection  is 
based  on  availability  and  capability  of  penetrating  8  inches  of  Ottawa  sand.  For 
greater  soil  penetration,  the  Betatron  or  the  linear  accelerator  should  be 
investigated.) 

2.  Embedded  radioactive  isotopes  used  with  scintillating  crystal  detectors. 
(Considerable  developmental  work  and  experimentation  are  required  before  a  usable 
system  would  bo  available  for  dynamic  soil  measurements;  however,  the  feasibility 
of  such  a  system  has  been  demonstrated  for  other  applications  with  similar  strin¬ 
gent  requirements.) 

3.  Embedded  radioactive  isotopes  in  an  arrangement  to  maintain  the  whole- 
field  characteristics  of  X  rays,  or  the  application,  of  the  Mossbauer  effect. 

i - 

The  multiple- flash,  field- emission- type  X-ray  system,  with  demonstrated  capabil¬ 
ity  in  dynamic  soil  measurements,  is  a  recent  development  (1965).  At  the  begin¬ 
ning  of  this  study  (1963),  the  multiple- flash  X-ray  system  using  a  hot  cathode- 
type  X-r r  tube  was  the  only  available  system. 
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(Both  techniques  require  extensive  development  before  a  workable  system  would 
be  available.) 

Certain  areas  of  research  in  soil  dynamics  are  particularly  suited  to  experi¬ 
ment  with  X-ray  techniques,  because  displacements,  density  charges,  and  formation 
of  shear  or  rupture  planes  as  a  function  of  time  are  important  characteristics; 
and  the  formation  of  shear  or  rupture  planes  usually  cannot  be  obtained  conve¬ 
niently  with  other  techniques. 

The  changes  in  the  free  field  as  a  stress  wave  passes  through  a  soil  sample 
may  be  studied  with  X  rays.  The  motion  of  small  lead  pellets  which  appear  opaque 
to  X  rays  when  embedded  in  soil  samples  3  to  8  inches  thick  may  be  tracked  on  film 
with  en  appropriate  time  marker.  However,  information  derived  from  X-ray  records 
is  limited  by  the  effects  of  boundaries  on  sanples  only  3  to  8  inches  thick,  and 
boundary  effects  are  serious  when  simulation  of  one-dimensional  behavior  at  great 
depths  is  attempted.  Displacement  gages  have  been  developed  recently  (Ref.  6) 
which  are  reliable  for  free-field  measurements.  By  using  gages  in  progressively 
larger  saaples,  the  effects  of  sample  thickness  may  be  detected.  Consequently, 
free-field  information  derived  from  X-ray  records  is  expected  to  be  somewhat 
limited. 

Laboratory  experiments  on  Direct  Exploeion  Coupling ,  Cratering t  and  Under¬ 
ground  Explosion  Cavitiee  (Ref.  12'  can  be  monitored  using  high-speed  X-ray  tech¬ 
niques.  The  X-ray  records  will  provide  information  on  the  development  of  cavities 
propagation  of  fractures  in  brittle  materials,  and  the  mechanism  associated  with 
cratering.  The  experiments  are  restricted  by  boundary  conditions  imposed  by  sam¬ 
ple  thickness  limited  by  3  to  8  inches.  The  type  of  information  obtained  in 
experiments  with  X  rays,  however,  cannot  He  as  completely  obtained  with  other 
techniques. 

The  greatest  advantage  of  the  X-ray  technique  is  found  in  experiments  where 
interaction  between  the  eoil  and  a  structure  takes  place.  It  is  nearly  impossible 
to  adequately  instrument  such  experiments  with  gages  on  the  structure  and  in  the 
soil  so  as  to  define  the  interaction. 

Buried  models  taken  to  failure  or  subjected  to  large  deformation  are  well 
suited  to  the  X-ray  technique.  It  should  be  possible  to  monitor  with  X  rays  the 
collapse  and  deformation  mechanisms  of  '  ned  and  unlined  tunnels  of  various  shapes 
and  the  resulting  soil  deformation.  Model  footings  taken  to  failure  dynamically 
develop  displacements  and  failures  in  the  soil  that  are  easily  dete table  by  X  ray 
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In  such  cases  the  large  motions  that  occu.  as  a  result  of  the  loading  event  pro¬ 
vide  ideal  conditions  for  the  X-ray  technique  to  produce  information  not  normally 
ivailable.  The  model  footing  is  distinct  from  the  surrounding  soil,  and  its 
motions  are  generally  visible.  Failure  planes  and  large  pellet  motions  in  the 
soil  are  also  easy  to  detect  with  X  rays. 

Recently,  interest  has  grown  in  the  mechanics  of  projectile  ■'oetratian  into 
soil.  This  interest  stems  mainly  from  the  desire  to  increase  the  coupling  effi¬ 
ciency  of  nuclear  weapons  as  well  as  to  gather  information  and  data  for  design  of 
invulnerable  (protective)  structures  below  ground.  A  model  projectile  will  provide 
a  high  contrast  to  the  surrounding  soil  on  a  radiograph.  Consequently,  it  is 
feasible  to  track  the  path  of  a  model  projectile  and  the  soil  changes  as  it  pene¬ 
trates  various  types  of  soil.  Characteristics  such  as  inpact  velocity,  impact 
angle  of  incidence,  soil  properties,  and  projectile  shape  can  be  easily  varied  in 
laboratory  tests;  and  the  effects  an  projectile  performance  can  be  monitored  with 
X  rays. 

An  inport ant  feature  in  any  laboratory  test  on  large  samples  of  soil  is  the 
effect  of  soil-container  boundary  conditions.  Recording  by  X  ray  the  motions  near 
boundaries  can  be  particularly  effective  since  aost  soil-placed  gages  are  unreli¬ 
able  near  boundaries. 

Great  effort  has  been  expended  recently  to  develop  soil-placed  gages  for  dy¬ 
namic  use.  Berdan  and  Bernhard  (Ref.  1)  showed  that  placement  problems  of  buried 
pressure  cells  could  be  studied  with  X  rays.  The  placement  and  response  of  gages 
used  in  soil  dynamics  are  particularly  important,  and  the  development  of  an  eval¬ 
uation  technique  using  X  rays  would  be  very  worthwhile.  The  evaluation  technique 
should  be  designed  to  assess  the  influence  cf  the  gage  on  the  surrounding  soil 
and  to  distinguish  between  the  motions  of  the  gage  and  the  soil  if  the  gage  were 
not  there , 
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SECTION  III 


FLASH  X-RAY  TECWIQUES  IN  SOIL  DYNAMICS 

When  flash  X-ray  studies  in  soil  dynamics  were  first  considered  by  CERF 
in  1963,  it  was  difficult  to  provide  comprehensive  specifications  for  the  test 
apparatus,  the  difficulty  arose  because  great  penetrating  power  was  needed  in 
very  short  tics  to  record  information.  Proved  flash  X-ray  equipment  to  provide 
this  penetrating  power  in  shut  bursts  ms  not  available,  and  sour  development  was 
needed.  Technology  in  flash  X  rays  has  advanced  rapidly  in  the  past  two  years, 
and  studies  at  CERF  indicate  that  specially  prepared  soil  samples  and  buried  test 
objects  oar  be  studied  under  dyna&lc  conditions  with  flash  X-ray  equipment.  The 
experience  at  CERF  has  been  with  a  high- capability,  single-source,  multiple -flash 
X-ray  system  which  is  highly  versatile,  due  to  its  modular-type  construction,  and 
easy  to  operate. 

1.  Time. 

In  dynamic  events  the  time  factor  associated  with  sensing  instruments 
means  several  things.  Specifically,  with  a  multiple-flash  X-ray  system,  one  is 
concerned  with  the  duration  of  the  X-ray  pulse,  the  pulse- repetition  rate,  and  the 
total  time  span  o  which  X-ray  pulses  can  be  produced.  The  pulse  duration  'mist 
be  short  enough  so  that  a  still  picture  of  the  soil  sample  can  be  taken  (without 
objectionable  blurring)  while  a  shock  wave  is  traveling  through  the  soil  at  high 
velocities,  i.e.,  800  to  2,500  feet  per  second  (fpsl .  Today  X-ray  technology  can 
easily  produce  pulse  widths  from  18  nanoseconds  (nsec)  to  2  usee. 

2.  X-Ray  Intensity. 

The  most  important  requirement  of  a  flash  X-ray  system  for  use  in  dynamic 
soil  tests  is  the  generation  of  flash  X' rays  of  high  intensity.  This  radiation 
intensity  or  flux  emanating  ftm  almost  a  point  source  is  subject  to  geometric 
attenuation  as  the  X  rays  diverge  from  the  source.  In  addition  to  g,  nmtzic  atten¬ 
uation,  the  X  rays  are  also  subject  to  . severe  attenuation  from  ants  absorption  of 
radiation  as  they  penetrate  the  soil  sample.  The  geometric  attenuation  follows  a 
simple  inverse  square  law  in  c  nonsfeorbing  homogenomis  medium 


where 


I,,  I2  *  radiation  intensity  at  two  points  along  the  axis  of  divergence  from 
\  the  point  source,  and 

dj,  &2  ■  distances  of  two  points  along  the  axis  of  divergence  frc©  the  point 
source. 

To  obtain  a  shadowgraph  of  that  portion  of  the  soil  bin  (approximately 
a  9" inch-diameter  field  of  view)  containing  the  embedded  pellets,  the  X-ray  source 
was  moved  about  18  inches  from  the  front  of  the  soil  bin.  The  intensity  was  thus 
limited  by  the  requirement  for  the  field  of  view.  By  moving  die  X-ray  source  half 
way  in,  the  intensity  v  is  increased  -  id  the  field  of  view  was  decreased,  each  by 
a  factor  of  4. 

The  mass  absorption  was  more  severe  since  it  is  an  exponential  decay  func¬ 
tion  which  depends  on  the  mass-absorption  coefficient  and  thickness  of  the  mate¬ 
rial.  The  foilcaring  example  of  the  mass  absorption  of  a  6-inch,  dense  senple 
of  20-30  Ottawa  said  (standard  testing  material^  will  delireate  the  problems  in 
producing  sufficiently  intense  X  rays  of  short-pulse  widths. 

In  Ottawa  sand,  a  unit  weight  of  111  pounds  per  cubic  foot  (pcf)--1.775 
grass  per  ctfcic  centimeter  (gr/cm3) --represents  a  void  ratio  of  0.5.  Ottawa  sand 
is  nearly  100  percent  silica  in  the  fora  of  quartz,  and  a  sample  6  inches  thick 
represents  4  inches  of  solid  quartz  which  must  be  penetrated.  The  mass  attenuation 
of  radiation  fallows  the  law 

*fu(v)/p  x  ptj 

It(v)  «  Ic(v)e  1  J  (3) 


where 

Jt(v)  *»  rsdiaticK  intensity  after  bean  has  passed  throu^i  body, 

I0(v)  *  radiation  intensity  at  frequency  v  incident  to  body, 

v;(v]i  "  mass-absorption  coefficient  of  body  at  frequency  v 

e  m  mss  density  of  body,  and 

f  *  thickness  of  body  to  be  penetrated. 

Hass^absr/rption  coefficients  for  particular  bodies  can  be  calculated  by 
weighting:  the  mass -absorption  coefficients  of  the  elements  in  the  body.  The  weight 
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factor  is  the  atonic  vmight  of  the  element  divided  by  the  atomic  weight  of  the  mix¬ 
ture  making  up  the  body.  In  this  example  it  is  convenient  to  calculate  an  X-ray 
intensity-reduction  factor  as 

# 

it(v)  -  fy(v)/p  x  pt] 

ysy " e  (4) 

the  value  of  y(v)/p  for  Si02  at  150  Kev  (kilo-electron  volts)  is  nearly  0.14  cmVgr 
given  by  Bloedow  (Ref.  9).  The  density  of  quartz  is  2.65  gr/cm3, 

-(0.14  x  2.65) (4) (2.54) 

T~ 


-  0.023 

Thus,  nearly  98  percent  of  the  X-ray  flux  incident  on  a  6-inch  sanple  of  dense 
Ottawa  sand  is  attenuated  due  to  a  mass  absorption  of  the  sand.  Five  inches  of 
Ottawa  sand  would  attenuate  about  95  percent  of  the  X  -ays ;  and  4  inches  would 
attenuate  about  92  percent. 

Excluding  the  absorption  edges,  the  mass -absorption  coefficient  generally 
decreases  as  the  X-ray  energy  in  electron  volts  increases.  High-potential  X-ray 
systems  will  produce  high- in  tensity  X  rays  of  short  wavelengths  which  have  high- 
penetrating  power.  Cn  the  other  hand,  pictures  taken  with  short -wavelength  X  rays 
do  not  have  high  contrast  like  those  taken  with  long-wavelength  X  rays.  Hence 
high-penetrating  power  is  gained  at  the  expense  of  contrast. 

3.  Resolution. 

Resolution  in  X-ray  records  lim  s  the  quantitative  information  to  be 
gathered.  By  using  specially  prepared  soil  sasples  and  test  objects,  valuable 
information  about  dynamic  behavior  can  be  collected  even  if  investigation  is 
limited  to  large  displacements.  The  mini  am  peiik- particle  displacements  that  might 
be  effectively  studied  with  X  rays  are  displacements  of  0.15  to  n. 25  inch  (or  150 
to  2S0  ails).  To  determine  the  minim*  detectable  displacement,  it  will  be  assumed 
for  pur  >ses  of  calculation  that  the  peak-particle  displacement  decays  linearly 
in  10  milliseconds  (msec).  It  seems  valid  to  require  that  a  measurable  change  in 
displacement  be  recorded  at  least  every  1  msec.  This  means  that  particle 


displacements  between  pulses  should  be  resolvable  to  at  least  33  percent  in  the 
interval  (about  5  to  8  mils)  so  that  the  15-  to  2 5 -ail  change  in  displacement  can 
be  readily  measured. 

The  minimum  size  of  the  lead  pellets  to  be  tracked  should  be  4  mm  (158 
mils)  in  diameter.  This  is  slightly  more  than  three  times  the  maxima  grain  size 
of  the  Ottawa  sand  used  in  experimental  work.  No  objectionable  effects  should 
result  from  this  size  pellet  since  the  dimension  in  the  direction  of  load  applica¬ 
tion  is  quite  small  with  respect  to  the  length  of  the  loading  pulse.  Bloedow 
(Ref.  9)  showed  (from  a  one -dimensional  wave -propagation  analysis)  that  the  motion 
of  the  pellet  becomes  that  of  the  surrowding  soil  very  rapidly.  Actually  the 
effect  of  the  pellet  is  less  than  indicated  from  one- dimensional  theory  since  prop¬ 
agations  and  reflections  occur  in  three  dimensions  in  the  pellet. 

4.  Field  of  View. 

The  size  of  the  field  of  view  is  dictated  by  the  particular  experiment. 

It  is  important  to  keep  the  field  of  view  to  a  arinliam  to  better  control  the  vari¬ 
ous  kinds  of  geometric  distortion  and  scatter  for  higher  radiographic  sensitivity. 
In  the  experiments  with  model  footings,  lined  and  unlined  cavities,  explosion  cra¬ 
tering,  and  instrumentation  evaluation  (mentioned  in  Sec.  II),  the  field  of  view 
cannot  be  reduced  below  certain  minimums.  For  example,  in  the  ^  nodal 

failure  of  model  footings  resting  on  sand,  a  footing  1  inch  wide  will  fail  in  a 
different  manner  than  a  footing  4  inches  wide.  It  is  also  apparent  that  the  fail¬ 
ure  mode  of  buried  cylinders  can  change  drastically  for  the  sane  diameter- to  - 
thickness  ratio  if  the  dimensions  of  the  cylinder  are  very  small.  Many  of  the 
gages  in  dynamic  soil  testing  have  a  maximum  dimension  that  ranges  from  1  to  8 
inches.  The  area  of  interest  above  model  structures,  for  which  arching  studies 
have  been  made,  is  nearly  8  square  inches.  Consequently,  a  very  large  field  of 
view  is  desirable;  anything  smaller  than  8  inches  in  diameter  could  seriously  ham¬ 
per  the  scope  of  studies  in  soil  dynamics  mid  soil- structure  interaction. 

The  field  of  view  oust  not  be  distorted  dimensionally  beyond  correction. 

In  fact,  arty  dimensional  distortion  makes  data  acquisition  somewhat  inconvenient. 

In  particular  tests  where  density  chmiges  and  failure  planes  are  of  primary  inter¬ 
est,  the  field  of  view  should  maintain  a  nearly  uniform  intensity  (brightness  or 
film  density).  Where  image  intensifiers  are  used,  the  inherent  vignetting  (Fig.  2) 
is  very  noticeable,  and  steps  may  be  taken  to  optically  reverse  this  effect  to 
obtain  a  nearly  uniform  background  intensity. 


5.  Material  Properties. 

It  is  desirable  to  stud/  various  soils  from  dry  said  to  wet  clay,  with 
grain  sizes  from  0.6  to  1.2  run  and  0.0002  to  0.002  mn,  respectively,  and  with 
mineral  contents  from  quartz  to  kaolinite  clay.  The  dynamic  response  of  soil  is 
generally  attributed  to  the  constitutive  relationships  exhibited  by  a  particular 
soil.  A  dense,  uniformly  graded  sand  may  exhibit  a  one- dimensional  secant  modulus 
of  40,000  psi  at  a  stress  level  of  100  psi,  while  a  soft  clay  could  easily  have  a 
modulus  of  4,000  psi.  Ihe  density  of  the  sand  may  be  as  high  as  120  pcf,  and  that 
of  the  clay  as  low  as  80  pcf.  In  a  dynamic  soil  test  on  a  colusn  of  soil  3  feet 
high  the  surface  will  displace  0.1  inch  if  the  material  is  dense  sand,  mod  1  inch 
if  the  material  is  soft  clay.  Ihe  stress  wave  velocities  at  100  psi  in  dense  sand 
and  soft  clay  will  be  about  1,300  fps  for  the  sand,  and  500  fps  for  the  clay;  and 
typical  h2ak-particle  velocities  will  range  from  2.5  fps  for  the  sand  to  12.5  fps 
for  the  clay.  Thus,  depending  on  the  capabilities  of  the  X-ray  equipment,  a  wide 
variety  of  soil  types  can  be  studied.  If  the  resolution  and  penetration  factors 
of  the  X-ray  system  are  low  and  if  adequate  X-ray  penetration  is  to  occur,  the 
selected  soil  nust  be  the  softer,  less  dense  material,  or  a  thinner  sample  has  to 
be  used. 

6.  Boundary  Conditions. 

The  boundary  conditions  of  concern  §re  those  at  the  $oil-ccntainer  walls . 
The  walls  create  a  friction  effect  in  the  soil  which  carries  shear  stresses  nor¬ 
mally  carried  by  the  soil.  The  stresses  developed  at  the  wall  are  transmitted  to 
the  soil  and  influence  the  soil  respaas©.  The  extent  of  this  influence  depends  on 
the  magnitude  of  the  stresses  developed  at  the  botsdary..  The  walls  must  be  nearly 
rigid  (and  maintain  a  high  transparency  to  X  rays)  to  minimi; e  the  influence. of 
three-dimensional  deformations  occurring  in  tests  to  simulate  one-dimensional  and 
two-dimensional  bdtavior. 

In  studies  of  two- dimensional  behavior,  it  is  necessary  to  eliminate  or 
evaluate  the  influence  of  the  boundary  perpendicular  to  the  third  dimension- -sasple 
thickness.  If  the  third  dimension  is  small  in  comparison  to  the  two  dimensions 
being  studied,  it  will  influence  the  two-dimensional  response.  Thus  it  is  neces¬ 
sary  to  keep  the  thickness  of  the  soil  saeple  above  a  minimal  value.  Nhat  that 
miniaua  value  is,  will  depend  on  the  experiments;  however,  a  sample  thickness  of 
less  than  5  inches  in  some  interaction  studies  may  prohibit  f tee-field  experiments . 


SECTICN  IV 


RESULTS  OF  BXPERIMSnS  WITH  HASH  X-RAY  SYSTEM 


l.  Zenith  Multiple  Flash  X-Rgy  System. 

The  pilot  tests  with  the  Zenith  Radio  Research  Corporation  Model  1464 
MdLtipl o  Flesh  X-Ray  System  were  concerned  with  hew  well  particular  areas  of  soil 
dynasties  end  soil-structure  interaction  could  be  studied  by  multiple- flash  X  rays. 
The  tests  were  htspered  by  frequent  malfunction  of  the  X-ray  equipment.  A  great 
deal  of  operating  time  was  spent  in  diagnostic  testing  to  determine  the  causes  of 
equipment  failure.  Consequently,  a  research  program  in  soil  dynamics  has  not  been 
completed,  but  some  insight  into  the  possibilities  of  the  X-ray  technique  has  been 
gained.  The  Zenith  eqpdpmt  was  developed  for  specific  needs  of  CERF  and  has 
been  used  statically  (for  calibration  purposes)  and  dynamically  with  sand  and  silt 
in  rectangular  cross-sectional  containers .  The  dynamic  inputs  were  developed  with 
shock  waves  frou  a  45-foot  vertical  shock  tube  and  with  hydraulic  rams.  Figure  3 
shows  a  typical  test  arrangement. 

Figure  4  shows  a  schematic  of  the  Zenith  Model  1464  Multiple  Flash  X-ray 
System  as  used  in  a  typical  test  arrangement.  The  multiple- flash  X-ray  system 
generates  a  series  of  eight  1-ysec  pulses  with  a  pulse- to-pulse  time  separation 
of  1,000'  Usee.  As  the  pulse-repetition  frequency  is  1  ewe  red,  the  number  of  pulses 
per  sequence  increases.  The  high  pulse-repetition  frequency  is  possible  for  only 
a  limited  number  of  X-ray  pulses  because  of  the  low  rate  of  heat  dissipation  by 
the  anode  of  the  X-ray  nbe. 

The  specifications  for  the  multiple- flash  X-ray  system  are  as  follows: 
X-ray  tube  accelerating  voltage . 50  to  150  kilovolts  (kv)  continu¬ 


ously  adjustable 

X-ray  tube  current......... . 120  aaperes  (a.)  at  100  kv 

Pulse-power  Maximum . ...18  megawatts 

Pulse  energy..... . . . .18  joules 

X-ray  pulse  width . ....1  ysec 

X-ray  pulse  shape . , . square 

X-ray  pulse  rate, . . . 1  to  1,000  pulses  per  second  (pps) 
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3  5 -mm  camera 
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Number  of  pulses  in  one  sequence: 


Pulse  rate, 

_ m _ 


Maximum  lumber, 
pulses 


1,000 

800 

600 

500 

400 

100 

30 


8 

8 

10 

20 

40 

80 

Continuous 


Com  of  radiation 


.20  degrees 


Effective  target  spot  size  of  1- 
by  2-nm  nominal  X-ray  beam* 


Penetration . 1  milliroentgen  (mr)  per  ysec  at  1 

meter  for  150  kv 

Input  power . 208-220  volts,  60  cycles  per  second 

(qps),  3  phase,  150  a.  during  X-ray 
generation,,  20  a.  in  ready  condition 


a.  Advantages. 


Hie  advantages  of  the  Zenith  Model  1464  Multiple  Flash  X-Ray  System 
over  conventional  X-ray  systems  in  medical  and  industrial  laboratories  are 

(1)  The  Zenith  has  stop-motion  capability  for  transient  events. 

(For  example,  a  radiograph  of  a  shock-wave  front  having  a  velocity  of  3,000  fps 
is  smeared  out  36  mils  by  a  1- usee  X-ray  pulse.  A  soil  set  in  motion  with  a  ve¬ 
locity  of  100  fps  by  the  shock  wave  has  the  radiograph  of  the  motion  smeared  1.2 
mils  by  the  1-psec  X-ray  pulse. I 

(2)  The  Zenith  provide.,  a  sequence  of  8  pulses  at  the  high  pulse- 
repetition  frequency  of  1,000  pulses  per  second- -actually  a  sampling  rate- -which 
allows  resolving  up  to  500  cps,  based  on  the  s sapling  theorem  of  the  spectrua  of 
a  pressure,  displacement,  velocity,  or  acceleration  record.  (The  high-frequency 
components  in  a  shock  wave  are  well  in  excess  of  500  cps  and  require  a  such  higher 
sampling  rate.) 


The  election  beam  sweeps  ^ver  the  tungsten  target  with  a  ■«»<■«»  excursion  of  5 
an  from  target  center.  Ine  1-  by  2-mn  spot  size  permits  X  rays  of  subjects  as 
close  as  50  mm  from  the  source  without  discernible  loss  of  resolution. 
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(3)  The  Zenith  has  an  8-inch  image- intensifier  tube  which  converts 

X  rays  to  electrons  at  the  input  screen  and  then  converts  the  electrons  to  visible 
light  at  the  output,  screen.  The  tube  provides  a  gain  of  3,000,  thus  the  X-ray 
dosage  an  be  lowered  considerably.  The  information  transformed  to  the  visible 
region  can  then  be  coupled  to  a  motion  picture  camera  by  optical  methods.  Being 
able  to  lower  the  X-ray-accelerating  voltage,  the  image  intensifier  permits  longer 
X-ray  wavelengths  to  be  generated  and  allows  improving  the  contrast,  particularly 
when  the  X-ray  wavelength  can  be  set  at  the  radiation  absorption  edge  of  a  material. 

(4)  The  Zenith  has  a  pulse-synchronization  method  that  is  initiated 
by  a  rotating  disk,  part  of  the  camera  assembly,  thus  providing  a  stable  reference 
for  triggering  the  X-ray  tube. 

(5)  The  Zenith  X-ray  tube  costs  about  $5,000,  and  its  life,  accord¬ 
ing  to  the  manufacturer's  specifications,  is  approximately  106  pulses. 

(6)  The  Zenith  image  intensifier  allows  the  use  of  high-speed  cameras 
for  photographing  pulse-by-pulse  information  over  the  same,  or  a  fixed,  field  of 
view  on  16-  or  35-mn  high-speed,  high’ contrast  film  which  is  readily  available. 

b.  Disadvantages. 

(1)  The  Zenith's  upper  pulse- repetition  frequency  of  1,000  pps  is 
inadequate  for  recording  the  interaction  of  the  leading  edge  of  a  fast-rising 
stress  wave  with  a  small  pellet  (4-mra  diameter) .  (For  exanple,  an  X-ray  system 
generating  10s  pps  could  provide  two  radiographs  as  the  shock  wave  passes  over 
thi  pellet.) 

(2)  The  Zenith  image  intensifier  (Raul and  Corp.  Model  RA-R-6167) 
has  considerable  spherical  distortion  and  vigietting.  (This  can  be  more  than  ade¬ 
quately  corrected  by  using  one  of  the  new  tube  designs.) 

(3)  Even  with  the  image  intensifier  the  output  is  inadequate  to 
sufficiently  expose  the  film  when  4  inches  of  sand  has  to  be  penetrated. 

(4)  The  Zenith  has  too  many  variables  in  its  X-ray  system  to  provide 
earns  of  operation;  for  example,  in  X-ray  doso,  image- tube  performance,  camera 
synchronization,  film  exposure  (between  speeds),  locus,  and  development  control. 
(S»ae  of  time  variables,  however,  are  also  probably  inherent  in  other  X  ray  sys¬ 
tems  of  similar  desi#*.) 

(5)  The  Zenith  is  limited  in  resolution  by  the  image  intensifier  and 
the  optical  system.  The  resolution  at  the  output  of  the  calcium*  tungstate  surface 
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(Fig.  4)  is  around  2  line  pairs  per  nd llisaetcr  (lp/nm);  at  the  output  of  the  lens 
system  it  is  about  1.5  lp/nm.  Exposing  the  film  directly  with  X  rays  increases 
the  resolution  where  the  extent  of  this  increase  is  a  function  of  (a)  the  distance 
of  the  object  from  the  film,  (b)  the  granularity  of  the  film,  (c)  the  X-ray  target 
size,  and  (d)  the  density  and  scattering  of  the  free- field  medium. 

2.  Experimental  Results  with  Zenith  System. 

a.  Pertinent  Characteristics  of  Equipment. 

The  Zenith  Multiple  Flash  X-Ray  System  presented  several  problems  that 
hampered  any  attempt  at  exact  quantitative  interpretation  of  the  data.  The  X-ray 
intensity  fluctuated  sporadically  from  pulse  to  pulse  in  one  sequence  and  showed 
up  as  density  changes  an  the  film  or  as  an  apparent  density  change  in  the  soil 
sample.  This  is  not  serious  unless  the  apparent  density  is  confused  with  a  den¬ 
sity  change  caused  by  the  shock  wave.  When  the  cause  is  not  evident  from  the  rec¬ 
ord,  very  little  reliable  information  can  be  obtained  about  density. 

The  intensity  of  the  X-ray  beam  in  air  at  1  meter  from  the  source 
anode  was  1  milliroentgen  (rar).  This  flux  was  measured  several  times  with  accurate 
Landsverk  dosimeters.  The  dosage  from  several  pulses,  as  well  as  sasples  of  1 
pulse  at  various  times,  was  recorded.  Occasionally,  the  dosimeter  readings  indi¬ 
cated  less  than  1  mr  per  pulse  because  of  pulse  fluctuation. 

As  the  X-ray  tube  ages,  an  impedance  mismatch  between  the  driver 
transformer  and  the  tube  develops.  As  a  result  a  reflected  pulse  from  the  anode 
travels  back  through  the  system  because  of  change  in  the  characteristic  ispedance 
of  the  tube.  The  reflected  pulse  at  times  recorded  as  high  as  25  kv  and  is  a 
possible  source  of  equipment  failure. 

The  image  intensifier  is  8  inches  in  diameter  at  the  pickup  screen. 

The  image  is  intensified  3,000  times  and  focused  on  a  screen  about  J.5  inches  in 
diameter.  Inherent  vignetting  and  dimension  distortion  (pin  cushioning)  are  found 
in  the  older  designs  of  electrically  focused  intensifier  tubes.  The-  extent  to 
which  vignetting  and  distortion  occurred  is  shown  in  Figure  2.  The  decay  of 
brightness  along  the  radius  shown  in  Figure  5  is  Here  than  40  percent  at  the  edge 
of  the  screen.  These  data  indicate  the  middle  four  inches  of  the  image  intensifier 
are  best  suited  for  recording. 

b.  Procedure. 

Experimentation  with  the  equipment  was  necessary  to  determine  the  most 
efficient  procedure  to  procure  the  best  data  from  rectangular  soil  samples  loaded 
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Figure  5.  Decay  of  brightness  across  diameter  of  image  intensifier 


dynamically.  Positioning  the  X~ray  source  at  24  to  28  L.ches  from  the  image  in- 
tensifier  proved  a  good  compromise  and  yielded  a  reasonably  sharp  shadow  of  the 
image,  provided  a  maxinun  field  of  view,  and  kept  spatial  attenuation  of  intensity 
to  a  minimim. 

Clear  Plexiglas  supported  by  steel  braces  proved  suitable  for  the 
soil-container  walls.  Other  materials  tested  were  laminated  wood  and  aluminum. 

Wood  was  eliminated  after  a  few  tests  because  of  ths  large  lateral  deflections  ex¬ 
perienced  at  high  pressures  (100  psi),  its  ncnunifonn  density,  and  its  low  strength. 
Aluminum  walls,  as  thin  as  0.25  inch,  scattered  and  attenuated  the  X-ray  beam  quite 
severely,  thus  aluminum  was  eliminated.  Hie  Plexiglas  offered  the  advantages  of 
low  X-ray  absorption,  transparency  to  light,  uniform  density,  a  relatively  high 
modulus  of  deformation,  and  adequate  strength  when  supported  by  steel  braces  spaced 
sufficiently  far  apart  to  maintain  a  maximum  f  3ld  of  view. 

The  scattering  of  X  rays  in  the  soi1  and  by  the  lateral  walls  of  the 
container  was  quite  high.  This  decreased  the  contrast  between  the  soil  and  the 
lead  pellets  because  the  scattered  X  rays  produced  a  foggy  background  on  the  film. 
Scattered  X  rays  behave  as  numerous  X-ray  sources  and  cast  shadows  of  the  sand  and 
the  pellets  from  numerous  directions  onto  the  X-ray  film.  By  placing  a  lead  sheet 
in  front  of  the  soil  sample  with  a  window  cut  to  the  site  of  the  field  of  view, 
the  scatter  was  greatly  reduced  (Fig.  4) .  In  essence  this  technique  allowed  X  rays 
to  pass  into  the  soil  only  at  the  area  of  interest.  The  scatter  was  reduced  fur¬ 
ther  by  using  ndcroline  X-ray  grids  built  by  Liebel-Flarsheim  Company  of  Cincinnati, 
Chio.  The  grids  are  designed  with  fine  strips  of  lead  .(60  to  ISO  strips  per  inch) 
to  clean  the  scattered  X  rays  out  of  the  flux  which  has  penetrated  a  test  specimen. 
They  are  usually  limited  to  specific  focal  lengths  and  must  be  chosen  to  match  the 
source- to- image  distance,  me  most  successful  standard  site  had  a  ratio  of  six 
to  one  (line  thickness  to  width)  with  60  lines  per  inch.  The  span  of  focal  dis¬ 
tances  in  the  grids  was  26  to  44  inches. 

The  definition  of  th.  edges  of  the  lead  pellets  was  very  poor  due  to 
their  spherical  geoaetiy.  Lead  cubes  (0.1875  inch)  were  used  in  place  of  spheri¬ 
cal  pellets  with  much  more  success.  Rectangular  bars  (0.1875  inch  square,  0.50 
inch  long)  were  also  used  with  the  long  dimension  placed  along  the  path  of  the 
X  rays.  These  bars,  as  expected,  were  more  easily  defined  than  the  cubes ;  however, 
lead  cii>es  and  rec  c angular  bars  are  difficult  to  place  so  that  the  edges  are  par¬ 
allel  to  the  X-ray  beam,  and  any  rotation  of  the  pellets  will  distort  the  shadow¬ 
graph  and  could  easily  be  interpreted  as  translation. 


c.  Pilot  Tests. 


Pilot  tests  were  performed  to  assess  the  utility  of  the  multiple- 
flash  X-ray  system  in  tracking  the  motions  of  lead  pellets  and  buried  objects,  and 
in  detecting  density  changes  in  the  soil.  The  first  tests  determined  the  quality 
of  pictures  that  could  be  obtained  through  various  thicknesses  o*  soil.  A  6- inch 
staple  of  dense  Ottawa  sand  attenuated  the  X  rays  and  no  pictures  could  be  ob¬ 
tained.  Hence,  a  theoretical  attenuation  of  98  percent  (Sec.  Ill)  of  the  maximum 
X-ray  intensity  from  the  Zenith  Flash  X-Ray  System  is  sufficient  to  prevent  any 
data  acquisition  with  present  techniques  In  6  inches  of  loose  Ottawa  sand  suffi¬ 
cient  X  rays  passed  through  the  sample  to  actuate  the  image  intensifier  (Fig.  6). 
Although  film  exposure  is  evident,  very  little  information  is  obtain  S1e  from  the 
radiograph. 

As  predicted  by  Eq.  (4)  in  Section  V,  the  photographs  improved  rapidly 
as  sample  density  and  thickness  were  decreased  since  the  intensity  on  the  fiL.  was 
raised  to  the  required  level.  Figure  6  also  shows  5-mm  lead  cubes  buried  in  the 
colter  of  a  5-inch  thick  sanple  of  medium- dense  Ottawa  sand  and  in  a  4-inch  thick 
saqsle  of  loose  silt.  The  detail  is  more  evident  in  the  medium- dense  Ottawa  sand 
because  of  less  X-ray  scatter.  Data- reduction  techniques  consisted  of  enlarging 
the  frame  size  on  an  optical  comparator  and  using  x~y  crosshairs  to  measure  changes 
in  distance  between  the  pellets  and  &  fixed  reference  frame.  Considerably  more  de¬ 
tail  was  lost  when  records  like  these  were  magnified,  and  the  technique  gave  re¬ 
sults  only  to  the  nearest  30  to  50  mils.  In  sanples  of  loose  silt  the  displace¬ 
ments  expected  under  high-explosive  loads  will  be  quite  large,  and  the  detection 
of  stall  movements  will  not  be  as  iaportant  as  in  dense  sasples.  The  loss  of  de¬ 
tail  when  Figure  6  is  magnified  results  largely  from  the  X-ray  scatter  in  the  soil 
and  the  resolution  capabilities  of  the  image  intensifier  converting  X  rays  to 
visible  light. 

Another  test  was  performed  with  4- inch  thick  sauries  of  loose  soil; 
however,  recording  was  limited  to  1  pulse  (from  the  multiple-flash  X-ray  system) 
directly  on  X-ray  film  in  a  cassette  placed  behind  the  back  wall  of  the  soil  con¬ 
tainer,  The  inclusions  were  a  0. 125-inch  lead  bar  in  Ottawa  sand  and  a  0.125- 
inch  thick  lead  T- section  in  silt.  Figure  7  shews  the  results  of  this  test.  The 
image  is  approximately  15  percent  larger  than  actual  size  due  co  the  shadowgraph 
effect.  From  these  data  it  is  evident  that  resolution,  detail,  and  field  of  view 
can  all  be  improved  by  direct  recording  on  X-ray  film.  For  dynamic  studies  there 
are  problems  in  film  transportation  and  sensitivity.  In  this  particular  test  the 
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a)  S~in,  thick,  medium-  (b)  6-in.  thick,  very  (c)  4-in.  thick, 

dense  Ottawa  sand  loose  Ottawa  sand  loose  silt 

(3  frames)  (3  frames)  (3  frames) 

Figure  6.  Lead  cubes  buried  in  various  soil  samples,  static  tests,  photographed  with 
Zenith  Model  1464  ttiltiple  Flash  X-Ray  System  (35-ran  film  enlarged) 


(a)  Ottawa  sand  (b)  Silt 

Figure  7.  Direct  exposure  of  X-ray  film  through  4-in.  thick  soil  saeples 
(Z<"-.iLh  Model  1464  Multiple  Flash  X-Ray  Sysieo,  scale  »1  to  1 


film  was  pre- exposed  for  1  pulse  to  place  the  film  higher  or-  the  pm  curve  (den¬ 
sity  versus  log-exposure  curve)  to  gain  greater  sensitivity.  The  possibilities 
of  this  technique  are  demonstrated  in  Section  V  where  smother  a-**/  (300 -lev)  as- 
chine  was  used  with  an  18 -nsec  pulse  width;  and  the  sell  staple  was  a  medium-dense 
Ottawa  sand,  8  inches  thick.  It  is  evident  that  the  detail  is  an  improvement  over 
the  process  of  going  through  an  image  intemifier  and  photographing  the  converted 
light  image  with  35-®m  film. 

The  same  conclusions  can  be  drawn  from  Figure  8  depicting  a  stepped 
wedge  recorded  on  film  in  two  different  ways;  (a)  the  picture  is  taken  with  a  3S- 
mn  high-speed  motion  picture  camera  placed  behind  the  image  inters  if ier;  (b)  the 
picture  is  taken  directly  by  exposing  a  sheet  of  X-ray  film.  The  line  pairs  become 
obscured  after  the  fourth  set  when  the  picture  is  taken  through  the  image  intensi- 
fier.  But  whoa  direct  exposure  is  used,  the  line  pairs  are  distinguishable  up  to 
the  eleventh  set.  Density  changes  in  the  stepped- wedge  section  are  also  clearer 
in  the  direct-exposure  record. 

Three  types  of  cylinders  buried  in  soil  were  photographed  through  the 
multiple- flash  X-ray  system.  The  cylinders  were  4,  2,  and  0,625  inches  in  diameter 
and  all  had  nearly  the  same  wall  thickness  of  0.049  inch.  Pellets  were  placed 
around  the  0.625-  and  2 -inch- diameter  cylinders  and  were  loaded  with  a  hydraulic- 
rain  piston  hitting  the  surface  of  the  soil.  Figure  9  shows  a  time  history  of 
the  0.625 -inch  cylinder  loaded  with  a  pulse  that  had  a  rise  time  of  nearly  60  msec 
and  a  long  dwell  at  the  peak  stress.  The  cylinder  is  in  a  layer  of  loose  silt 
about  1.25  inches  deep  with  msditie-dense  silt  above  and  below.  It  is  evident  after 
close  examination  of  the  original  record  that  some  deformation  occurred  in  ihe 
cylinder  and  that  the  soil  density  increased  from  the  time  of  incident  load,  re¬ 
sulting  in  less  exposure  of  the  film.  Some  indication  of  this  is  seen  in  the  dif¬ 
ference  between  the  first  and  last  (twelfth)  frame. 

In  Figure  10  the  deformations  are  evident  in  the  2 -inch  cylinder 
(only  a  small  portion  of  the  surrounding  soil  is  in  the  field  of  view).  The  ?- 
inch  cylinder  is  shown  with  no  load  and  with  full  load.  From  these  data  it  is 
reasonable  to  assume  that  using  this  technique  qualitative  information  can  be  col¬ 
lected  when  the  deformations  are  large  enough  to  chmge  the  shape  of  a  buried  ob¬ 
ject.  Ihe  4- inch  cylinder  was  loaded  to  failure  and  is  shown  in  Figure  11  just 
about  3  minutes  before  the  load  application  and  just  after  collapse. 
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(»■>  Photograph  after  fb)  Direct  exposure 

image  intensifier  on  X-ray  film 

with  3 5 -am  shellburst 
Linagraph  film 

Figure  8.  Steppeti-wedge  photographs  with  multiple -flash  X  rays 
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Figure  9.  X-ray  record  of  0.62 5- in. -diameter  cylinder  buried  in  Ottawa  sand  and  loaded  dynamically 
(direct  35-tasi  film) 


3.  Field  Baisaloc  Corporation  Clneradiographs. 


The  Field  Emission  Corporation  has  applied  a  technique  for  the  gener¬ 
ation  of  X  rays  which  results  in  a  ntmber  of  desirable  features.  The  most  sig¬ 
nificant  ere  (a)  a  very  high  repetition  rate  (106  pps,  sometimes  the  frame  rate 

c 

per  second,  fr/sec,  is  given)  for  a  multiple  X-ray  source  system;  (b)  10  pps 
with  a  single  X-ray  tube  and  multiple  pulsers;  and  (c)  a  means  of  increr^ing 
the  time  interval  between  pulses  (from  1-usec  and  10-ysec  minimus  for  the 
Multiple  and  single  X-ray  source  systmas  ,  respectively,  to  much  longer  time 
intervals).  This  allows  adjusting  the  pulse-repetition  rate  to  fit  a  pulse 

pressure-time  record  as  shewn  in  Figure  12. 

\ 

A  schematic  is  shown  in  Figure  13  of  an  existing  Field  Emission  Corpora¬ 
tion  high-speed  cineradiographic  system  (Fexitron  Model  735-3-C-235)  with  a 
single-tube  output.  Fexitron  is  a  trade  name  for  the  field-emission  X-ray 
device.  The  pulse  and  the  tube  numbers  apply  to  a  150-kv  system;  however,  the 
appropriate  pulser  and  X-ray  tube  are  required  to  withstand  much  higher  po¬ 
tentials.  The  equipment  eeploys  a  passive -energy  storage  unit  for  each  pulse 
or  frame  (i.e.,  a  pulser).  Associated  with  each  storage  unit  is  a  delayed- 
t rigger  amplifier  and  an  isolating  diode.  All  pulsers  are  therefore  connected 
to  the  X-ray  tube  by  their  isolating  diode  (Model  546  Diode  Rectifier). 

The  system  is  operated  by  charging  all  pulsers  with  the  Model  314 
High-Voltage  D.C.  Power  Supply.  The  time  delay  from  time  zero  (tQ)  at  which 
each  pulser  is  sequenced  to  fire  is  set  into  its  associated  delay  generator. 

With  a  firing  trigger  at  tg,  all  delays  are  initiated  and  the  X-ray  tube  fires 
as  each  delay  elapses.  With  the  single  X-ray  tube  system  any  number  of  pulses, 
along  with  any  pul se- to -pulse  time  interval  in  excess  of  10  usee,  becomes  possible 
when  more  pulsers  and  associated  isolation  diodes,  as  well  as  triggering  units, 
are  added. 


Displacement 


Four  18-nsec  wide,  X-ray  pulses  generated  at  tine  shock-wave 
front  interacts  with  buried  object;  separation  between  each 
X-ray  pulse  is  200  ysec 


For  slow-decay  region  of  shock  wave,  four- 
18-nsec  wide.  X-ray  pulses  generated  with 
5-msec  intervals  between  pulses 

Shock -wave  pulse 


Figure  12.  Application  e£  X-ray  system  with  variable,  pulse -Repetition  frequency 


Figure  13.  Schematic  of  Field  Emission  Corporation  Single-Tube  Cineradiograph  Fexitron  Model  735-3-C-235 


The  specifications  for  the  Field  Bnission  Corporation  High-Speed  Cine- 
radiographs  are  as  follows  (the  general  model  nusbers  describe  specific  systems) : 


/ 

/ 

/ 


/ 


Basic  system  no. 

/  No.  of  channels 

/  Cabinet -mounted  pulsers 

/  /  Pulser  model  no, 

/  /  /  No.  of  X-ray  tubes 

/  /  /  / 


7 35  . -  n .  -  C .  235  . m 


Pulser  Model  Nos. : 

235 

233 

265 

X-ray  tube  accelerating 

voltage,  kv 

150 

300 

600 

Output  current,  a. 

2,000 

1,400 

1,500 

Output  impedance,  ohms 

75 

215 

400 

Pulse  width,  usee 

0.07 

0.01 

0.1 

X-Ray  Tube  Model  Nos . : 

529 

515 

537 

Peak  power,  megawatts 

300 

420 

900 

Joules  per  pulse 

21 

42 

90 

Source  size,  diameter  in  ran 

3.0 

4.0 

4.0 

Dose  rate  at  tube  surface, 
roentgens/ sec 

1  x  108 

1  x  108 

6  x  106 

Penetration,  inches  of 

alunimm 

(at  1  ft) 

(at  1  ft) 

(at  2.5  ft) 

2.8 

6.0 

•  7.0 

X-ray  puli  shape . . . . square 

X-ray  pulse -repet it ion  ,  . 

frequency . 10  pps  (multiple  tube),  10b  pps  (single  tube) 

Pulse  intervals . each  interval  variable  from  1  usee  (multiple 

tube),  10  usee  (single  tube),  to  100  msec 

Gone  of  radiation . approximately  30°  cone 

Power  requirements . 120  volts,  60  cps,  75  watts  continuous  power 

for  each  trigger  amplifier;  230-watt  inter¬ 
mittent  power  for  Model  314,  30-kv  dc,  5-ma 
power  supply 

The  advantages  and  disadvantages,  based  on  s  single -tube  Fexitron  300- 
kv  system  wit!,  an  18-nsec  pulse  width  (Model  730-6-C- 271  with  a  Model  3155  X-ray 
tube)  which  was  very  recently  released  by  Field  Emission  Corporation,  are  as 
follows : 


a. 


Advantages. 

(1)  The  Field  Bnission  system  is  simple,  easy  to  operate,  and  re¬ 


liable. 

(2)  The  Field  Bnission  model  has  very  high  stop-motion  capability 
on  transient  events.  (For  example,  a  radiograph  of  a  shock-wave  front  having  a 
velocity  of  3,000  fps  is  smeared  out  0.65  mil  by  the  18 -nsec  pulse  and  1.08  mils 
by  the  30 -nsec  pulse.)  A  soil  set  into  motion  with  a  velocity  of  100  fps  by  the 
shock  wave  has  that  motion  smeared  0.02  mil  by  the  18 -nsec  pulse  and  0.036  mil 
by  the  30-nsec  pulse. 

(3)  The  Field  Bnission  single-tube  X-ray  model  can  generate  X-ray 
pulses  18-nsec  wide  with  any  pulse  separation  from  10  ysec  to  100  msec. 

(4)  The  Field  Bnission  model  is  able  to  increase  the  number  of 
pulses  in  a  pulse  sequence  by  adding  pulser  units.  (The  feasibility  of  a  single¬ 
tube  X-ray  system  generating  six  X-ray  pulses  with  the  controllable  repetition 
rate  has  been  demonstrated.) 

(5)  A  Field  Bnission  multi-channel  system  incorporating  more 

than  one  X-ray  tube  and  pulse  is  available.  Fbr  example,  a  four- tube  X-ray  system 
can  provide  4  pulses  with  a  megacycle-frame  rate.  This  requires  arranging  the 
X-ray  tubes  around  the  object  to  be  radiographed  or  along  the  path  of  stress  wave 
propagation.  The  300 -kv  system  has  adequate  output  to  allow  recording  the  soil 
movement  (Fig.  14)  directly  onto  Kodak  Royal  Blue  film.  (This  simplifies  the 
entire  system  considerably  since  the  image  intensifier  and  lens -coupling  systems 
are  not  required.)  In  addition,  fbr  the  tests  to  be  conducted,  the  application 
of  a  higher  voltage  600-kv  system  to  soil  experiments  could  remove  the  system 
from  a  marginal  region  of  operation. 

(6)  Field  Bnission  has  complete  and  reliable  pulse  synchronization. 

(7)  Field  Bnission  has  a.  guaranteed  X-ray-tube  life  of  150 
pulses;  however,  the  tubes  have  performed  satisfactorily  for  as  many  as  600  pulses. 
Approximate  cost  of  one  X-ray  tube  is  $680  or  $4.53  per  guaranteed  pulse. 

(8)  The  Field  Bnission  System  requires  no  cooling. 

(9)  The  Field  Bnission  System  offers  better  resolution  if  the 
film  is  placed  directly  behind  the  soil  bin.  The  resolution  is  limited  only  by 
tube  spot  size,  source-object  and  object-film  distance,  and  scattering  by  the  soil. 

(10)  The  Field  Bnission  System  has  low- input  power  requirements. 
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Rubber  membrane 


201  inoisture  added 


Direct -exposure  X-ray  record  of  six  0.1875-in.  lead  cubes  buried  in 
8  in.  of  medium-dense  Ottawa  sand  at  various  lotions  along  the 
thickness  (1  pulse,  300-kv  Field  ftnission  Model  735-3-C-235) 


Figure  14 


(11)  The  Field  Emission  X-ray  tube  can  be  operated  remotely  up 
to  60  feet  from  the  pulser  and  control  panels  by  use  of  a  coaxial  transmission 
line.  (This  can  be  a  decided  advantage  in  soil  experiments . ) 

b.  Disadvantages. 

(1)  Without  an  image- intensifier  tube,  the  Field  Mission 
Corporation  System  will  require  special  equipment  to  move  rapidly  large  sheets 
of  film  (possibly  on  a  drum)  past  the  object  during  the  X-ray-pulse  exposures 
which  are  synchronized  with  the  shock -wave  transit  through  the  soil  bin.  This 
is  particularly  true  if  a  large  field  of  view  is  required. 

(2)  The  Field  Mission  X-ray  tube  life  is  short;  however,  this 
is  offset  by  the  low  cost  of  the  system  compand  to  other  systems. 

(3)  The  spot-size  diameter  is  4  ram  for  the  300-  and  600-kv 
systems  as  compared  to  1  an  for  the  105-kv  system,  thus  causing  increased  shadow 
unsharpness. 

(4)  The  pulse -forming  network  is  a  Marx  suige  generator  in 
which  the  voltage  has  been  shown  to  vary  from  pulse  *o  pulse  on  other  systems  and 
thus  produce  a  generation  of  X  rays  having  different,  principal  wavelengths. 
However,  it  has  been  stated  by  the  manufacturer  that  the  X-ray  fluctuation  from 
pulse  to  pulse  is  under  2.5  percent  for  the  Field  Mission  Systm  and  thus  poses 
no  problem.  In  addition,  the  X-ray-tube  voltage  and  impedance  match  between  the 
load  (X-ray  tube)  and  the  coaxial  transmission  can  be  easily  monitored  by  observing 
the  voltage  waveform  across  a  small-series  resistor. 

It  is  important  to  note  that  there  are  possibly  other 
disadvantages  in  the  Field  Mission  Corporation  System  a;  far  as  so.,  testing  is 
concerned,  but  these  can  only  be  determined  by  laboratory  tests.  Since  this 
systm  was  not  available  for  evaluation  at  CERF,  the  bases  for  analysis  are  the 
manufacturer's  specifications  and  tne  history  of  its  performance. 

4 <  Experimental  Results  with  Field  Mission  Corporation  X-Ray  Systm. 

Field  &  ssion  Corporation  has  very  recently  completed  and  tested  the 
Model  251  Pulser  which,  is  used  in  conjunction  with  the  300-kv  X-ray  system.  Tc 
demonstrate  the  penetration  capabilit>  of  this  X-ray  systm  for  application  to 
soil  studies  at  CERF,  a  miaber  of  tests  were  conducted  at  the  Field  Mission 
Laboratories  at  McMinnville,  Oregon,  using  Ottawa  sand  and  0.1875- inch  lead  cubes. 


In  one  of  the  tests  a  300-kv,  model  5155,  X-ray  tube  was  placed  2  feet 
from  Kodak  Royal  Blue  film  (with  industrial  screens  which  utilize  calciuo  tung¬ 
state),  and  an  8-inch  thick  soil  bin  half  filled  with  dry  Ottawa  sand  and  half 

ith  wet  Ottawa  sand  (20 -percent  water  by  weight)  was  placed  directly  in  front 

of  the  film.  In  the  sand  in  each  half  of  the  bin  three  lead  cubes  were  posi¬ 
tioned:  one  about  an  inch  from  the  front  of  the  bin,  one  in  the  middle  of  the 

bin,  and  one  about  an  inch  in  front  of  the  film. 

Figure  14  shows  the  results.  The  edge  sharpness  is  excellent  for  the 
cutes  nearest  the  film  since  very  little  X-ray  spot-size  or  scattering  distortion 
is  possible.  This  is  contrasted  with  the  detail  associated  with  the  cubes  nearest 
the  X-ray  source. 

The  ability  of  the  X-ray  system  to  "look  through"  8  inches  of  Ottawa 
sand  and  still  have  enough  energy  to  expose  the  film  diiectly  without  image  inten¬ 
sification  is  of  major  importance.  Close  scrutiny  of  the  original  film  shows  a 
definite  difference  in  exposure  due  to  the  slight  difference  in  densities  between 
the  dry  and  wet  sand. 

The  tests  were  completed  in  June  1965.  The  film  clearly  demonstrates 
that  the  300-kv  system  is  capable  of  providing  the  required  X-ray  intensity  and 
resolution  for  a  large  nunber  of  the  soil  experiments  planned  at  CERF. 


SECTION  V 

GfSIRED  FLASi  X-RAY  CHARACTERISTICS,  ALTERNATE  APPROACHES 


X.  flwlrgd  System  Characteristics. 

Bafort  alternative  approaches  are  presented  utilizing  some  combination 
of  X-ray  tuba  and  associated  equipment,  it  is  necessary  to  identify  and  discuss 
•cue  of  the  requirements  in  a  pulse  X-ray  system  for  soil  experiments. 

A  number  of  controllable  areas  in  a  pulsed  radiographic  system  which 
can  be  altered  to  produce  desired  results  are  depicted  in  Figure  4.  In  CERF  re¬ 
search,  radiographs  of  dynamic  tests  in  soil  are  required.  A  high-speed  stop- 
motion  radiographic  system  (cineradiograph)  capable  of  obtaining  pictures  of 
shock -wave -induced  motions  of  objects  embedded  in  soils  is  required.  The  use¬ 
fulness  of  the  photographically  recorded  event  is  based  on  the  following: 

a.  Stop-Notion  Capability. 

There  are  two  methods  of  stopping  the  motion  of  the  event:  (a)  by 
hiving  a  very  narrow  X-ray  pulse,  less  than  100  nsec;  or  (b)  by  having  a  continuous 
X-ray  source  and  controlling  the  film-exposure  time  by  some  means  of  shuttering 

(electronic  or  mechanical).  The  amount  of  smearing  is  a  function  of  how  much 

certain  objects  within  the  field  of  view  have  moved  during  the  pulse-tire  or 
exposure  interval.  For  all  practical  shock-tube  research  an  18-nsec  pulse  causes 
no  discernible  smearing  or  overlap  of  the  radiograph  even  for  air  shock. 

b-  High-Resolution  Capability. 

To  clarify  high- resolution  capability  in  radiographs  for  soil  re¬ 
search,  it  is  necessary  to  treat  the  resolution  of  the  components  of  the  X-ray 

system,  the  soil  medium,  and  the  test  model,  (This  usually  includes  the  structure 

and  the  soil  in  which  it  is  embedded.) 

Consider  the  zone?  which  can  be  controlled  (designated  as  zones  1-8, 
Fig.  4}  Starting  with  zones  J,  2,  and  4--and,  at  first,  assuming  the  intervening 

medium  tc  be  air- -the  resolution  is  controlled  by  the  X-ray  target  size,  the  object 
distance,  and  the  image  olane  (cither  a  photographic  p,lane  or  the  calcium  tungstate 
screen  of  the  image  mtensifier).  Figure  15  shews  the  extent  of  these  resolution 
zones.  Here,  the  geometry  of  the  Field  Emission  Corporation  u?b  the  Zenith  Multiple 
Flash  X-Ray  systems  is  shown:  (a)  with  the  photographic  film  &  distance  behind 
the  test  object  (s^>,  and  (b)  with  the  image -intens if ier  screen  a  distance  behind 
the  test  object  (s?).  _ _ _ 


Figure  15.  Detail  of  '‘dge  of  test  object  Used  on  X-ray  target,  spot  size 
and  s  ste,  geometry 


In  dealing  with  the  geometrical  arrangements  now  in  Firnre  15, 
cm  encounters  two  effects  which  decrease  the  shadow  edge  .  *arpness.  These  are 
the  penuabrs  (partly  lighted  shadows)  and  diffraction  ;  ££<  ts;  see  Figure  16  n 
which  b  is  the  distance  to  the  first  max  mis.  The  pem*?*  a  degradation,  unit  of 
length  («),  i*' given  in  the  iaage  plane  by  the  following  exj  es&icm: 

t  *  d  ~  (4) 

where  s/t  is  defined  as  a  magnification  (or  reduction)  factor.  This  equation 
clearly  shows  that  the  ways  to  make  e  small  are  (a)  by  making  the  X-ray-tube 
spot  site  as  small  as  possible,  largely  by  proper  focusing  of  the  electron  beam; 
(b)  by  placing  tbs  test  object  next  tc  the  film,  or  as  close  to  the  isiage- 
intensifier  screen  as  possible!  and  (c)  by  reading  the  X-ray  source  tc  infinity. 

The  radiographic  technique  of  .placing  the 'test  object  next  to  the 
film  is  called  m^rc>miu^rap%.  This  method  provides  resolution  capabilities 
for  thin  objects  in  the  range  of  1,080  -tp'm..  The  resolution  is  primarily  limited 
by  the  grain  site  of  the  fils.  Clearly,  of*  cannot  take  advantage  ai  his  reso¬ 
lution  for  soil  experiments  because  the  test  object  cannot  be  placed  in  contact 
with  the  film,  and  it  is  usually  relatively  long  when  cowpayea  to  the  length  of 
the  soil  being  penetrated  in  the-  coil  bin.  Nor  is  there  any  object  magnification 
with  this  technique  unless  the  dimension  t  (distance  'from  X-ray  spot  to  test  ob¬ 
ject)  is  less  than  Sj  or  $7  (distance  of  photographic  film-  or  jaagt*  Intenslf ier 
screen  behind  test  object,  respectively).  If  the  vest  object  could  be  placed  in 
contact  with  the  film,  there  would  be  ho  diffraction  effects  to  worry  about, 

Bv  removing  the  test  object  fro®  the  fils  surf sew,  one  gets  into 
the  realm  of  shadow-projection  microscopy.  Not  oidy  are  pemwbra  effects 
encountered  but  diffraction  effects  as  well.  By  m&king  the  distance  t  large, 
the  penumbra  is  reduced  as  is  the  X-ray  intensity.  A  vraoe  off  becomes  necessary, 
In  making  measureaents  in  soils,  the  research  engineer  is  forced  to  use  shadow- 
projection  radiography  since  the  test  object  cannot  be  placed  next  to  the  film; 
the  object  must  be  well  within  the  soil  bin  to  escape  the  side-wall  effects; 
consequently,  sac*.*  pemrabra  and  diffraction  occur.  The  pertuatora  can  Of?  kept  low 
because  of  the  reduction  factor  (s/t). 

Probably  the  most  degrading  region  for  resolution  is  given  by  torn 
5  in  Figure  4.  This  zone  is  the  test  bin  Which  can  be  filled  with,  Ottawa  issd  or 
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clay.  The  sand  causes  scatter!:**  of  the  X  rays  into  the  shadow  of  the  object 
which  can  Badly  reduce  the  resolution. 


Not  only  does  the  sand  scatter  the  radiation  but  also  the  soil  con¬ 
tainer,  the  object  radiographed,  the  film  holders,  and  any  object  or  material  in 
the  path  of  the  primary  radiation  beam.  The  effect  of  scatter  is  to  reduce  the 
contrast,  detail,  and  clarity  of  the  radiographed  object.  Lead  foil,  in  intimate 
contact  with  the  film,  absorbs  the  white  and  scattered  radiation  more  than  it 
absorbs  the  primary  radiation,  thus  reducing  the  bad  effects  of  scattered  radiation. 
Venetian -blind- type  filters  or  lead  screen  meshes  placed  at  the  back  of  the  soil 
bin  can  greatly  improve  the  resolution  by  attenuating  the  scattering  which  falls 
into  the  test-object  shadow.  A  lead  mask  which  acts  as  an  aperture,  limiting  the 
volume  of  natter  exposed  to  the  primary  radiation,  is  also  effective  in  reducing 
scattered  radiation  and  should  be  used. 

A  resolution  figure  of  merit,  probably  tp/'am,  is  required  for 
different  soil  media  and  filter  combinations.  The  resolution  of  the  input  screen 
on  the  image  intensifier  is  usually  about  2  ip/rar.  maximum.  This  is  two  or  more 
orders  of  magnitude  less  then  the  resolution  possible  by  the  microradiograph 
technique.  The  image  int~nsifier  has,  however,  two  very  inportant  advantages: 

(a)  the  capability  of  raising  the  intensity  of  the  light  level  by  a  factor  of  more 
than  2,000,  are!  (b)  the  utilization  of  the  weaker,  high-contrasting  X  rays  (longer 
wavelengths)  generated  by  lower  voltage  systems. 

Thinning  out  the  calcium  tungstate  surface  on  the  input  of  the 
image  intensifier  would  reduce  the  scattering  in  this  transfer  medium  and  thus 
improve  the  resolution  considerably.  This  operation,  however,  becomes  a  major 
development  in  itself,  (it  can  be  done,  however,  with  industrial  film  in  the 
cassette  directly  behind  the  soil  bin.) 

There  Is  a  further  slight  degradation  in  the  resolution  throughout 
iones  (s,  7,  and  8,  and  in  the  fluorescent  screen,  the  coupling -lens  system,  and 
the  earners,  resulting  in  an  overall  output  resolution  of  about  1.5  ip/nin . 

C,  Cent  raj- 1 ,  Latitude,  and  Sensitivity. 

To  tsake  the-  photographed  film  useful  in  the  analysis  of  object 
merti <&■■■  in  -soils*  .evory  technique  must  be  used  to  ensure  distinction  between 
smtl  viifferaftocs  in  the  blackening  of  the  film.  The  information  is  sometimes 
dsscribtfti  in  terms  x-t  the  number  of  shades  of  gray  on  the  film.  Experiment  has 
indicates  rhat  the  optimum  contrast  is  s  -  0.7  to  0.9  where  s  ■  log1Q  V^t* 


the  human  eye  can  detect  with  certainty  a  minimum  difference  in  grays  between 
adjacent  areas  of  s  *  0.02  (or  approximately  5-percent  difference  in  intensities). 

Aside  from  the  photographed  shadows,  contrast  is  the  difference  in 
density  in  a  radiograph  produced  by  a  change  in  the  thickness  of  the  object  or 
its  material  content.  For  simple  test  objects,  as  shown  in  Figure  4,  the  length 
of  the  object  is  maximum  to  ensure  a  high  v^lue  of  s.  However,  where  variations 
in  thickness  or  density  which  need  to  be  ascertained  are  small,  it  is  necessary 
to  resort  to  the  longer  wavelength  X  rays,  the  selection  of  materials  whose  absorp¬ 
tion-edge  wavelength  can  be  matched  by  the  source  X  ray,  and  high-contrast  films. 
Where  it  may  prove  advantageous  to  resort  to  long  wavelength  X  rays,  the  use  of 
an  X-ray  tube  of  a  different  anode  should  be  considered.  It  is  important  to  note, 
however,  that  the  wavelengths  of  characteristic  X  rays  do  not  vary  continuously. 

Both  the  Zenith  Miltiple  Flash  X-Ray  and  the  Field  Bnission 
Corporation  X-Ray  systems  have  limited  control  over  the  accelerating  potential 
and  this  the  generation  of  longer  wavelength  radiation.  Their  lowest  operating 
voltage  levels  still  place  the  principal  X  rays  in  the  hard  X-ray  spectrum. 

Various  films  and  techniques  have  beat  developed  to  provide  high  contrast.  For 
example,  where  the  range  of  radiographed  intensities  is  too  wide  to  be  recorded 
by  a  single  high-contrast  film,  the  cassette  can  be  loaded  with  two  high-contrast 
films  of  different  speeds.  The  exposure  is  set  so  that  the  thick  portions  of  the 
test  object  are  satisfactorily  recorded  on  the  faster  film,  and  the  thin  portions 
on  the  slower  film.  For  detail,  the  film  can  be  viewed  separately  or  superimposed. 

Latitude  is  the  extent  of  object  thickness  that  can  be  reproduced 
in  the  range  cf  densities  encountered.  If  density  variations  in  a  soil  medium 
do  not  meet  the  s  value  of  0.02,  then  there  is  little  hope  of  getting  readable 
photographs.  One  of  the  tests  planned  for  evaluation  of  a  stress  gage  concerns 
observation  of  gage -case  motions,  "'he  ia>.  .‘.tude,  however,  may  be  inadequate  to 
evaluate  certain  dynanic  characteristics  of  the  gage  due  to  shock-wave  loading. 

Sensitivity  is  a  combination  of  contrast  and  latitude, 
d.  Gain  Capability. 

The  intensity-gain  characteristic  of  an  image  interns ifier  provides 
certain  advantages  in  a  pulsed  X-ray  system.  These  advantages  are  being  able 
(a)  to  raise  the  intensity  of  the  visible  isage  (transformed  from  the  X  ray  to 
a  visible  region)  to  a  point  where  the  film  exposure  can  be  set  nainly  by  the 
camera  controls;  (b)  to  use  such  low  X-ray  intensities  that  the  hazards  of 


X  iays  to  personnel  are  greatly  reduced;  and  (c.)  to  use  the  longer  wavelength 
X  rays  for  improved  contrast, 

e.  Motion  Picture. 

Through  the  application  of  an  image  intensifier,  the  X-ray  shadow¬ 
graph  is  transferred  to  a  visible  image.  This  application  allows  reducing  the 
image  by  optical  methods  so  that  the  film  can  be  exposed  in  a  high-speea  (16-  or 
35-mn)  camera.  The  camera  can  film  the  pulse-by-pulse  data  from  the  X-ray  unit; 
thus  no  framing  or  film  transport  problems  are  encountered. 

In  using  microradiography  or  shadowgraph  microscopy  with  a  pulsed 
X-ray  system  having  a  sequence  of  8  or  more  pulses  with  a  time  separation  of 
1  msec  between  pulses,  the  problems  become  severe  when  one  tries  to  get  8  frames 
by  moving  a  large  strip  of  film  (possibly  1  x  12  feet)  in  the  plane  of  zone  3  in 
Figure  4.  By  limiting  the  area  of  interest  to  the  shadowgraph  of  a  single  test 
object  in  the  soil  bin,  which  can  usually  be  contained  in  an  area  about  4x4 
inches,  a  continuous  film  transport  can  be  made  in  winch  the  film  size  can  be 
reduced  considerably.  However,  if  a  shadowgraph  of  the  entire  soil  bin  is  re¬ 
quired,  one  is  again  faced  with  the  problem  of  moving  large  sheets  of  film 
rapidly  past  the  object  or  using  an  image  intensifier  in  combination  v.i.th  a  16- 
or  35-mn  camera. 

Most  of  the  comments  on  subject  contrast,  film  contrast,  geometric 
factors,  and  film-resolution  factors  are  briefly  sironarized  in  Figure  17  in 
conjunction  with  radiographic  sensitivity  (Ref.  10).  Figure  17  shows  the  various 
factors  which  influence  radiographic  sensitivity.  A  high -radiographic  sensitivity 
would  mean  that  one  could  inspect  a  radiograph  and  detect  small  inhomogeneitus 
or  density  variations. 

2.  Development. 

Some  rather  significant  advances  have  been  made  in  image  intensifies 
tdiich  could  be  incorporated  into  X-ray  systems  and  might  possibly  provide  higher 
contrast  and  resolution  of  test  objects  in  soil.  There  are  a  nunber  of  ways  in 
which  these  improved  image  intensifies  could  be  applied. 

Consider  the  application  of  the  tandem  arrangement  of  two  image  inten¬ 
sifies  in  conjunction  with  the  Zenith  Multiple  Flash  X-Ray  System  as  depicted 
by  Figure  18,  Althouvh  the  following  concepts  have  not  been  thoroughly  analyzed, 
they  are  offered  to  shew  the  potential  improvements  possible  through  use  of 
these  intensifies. 


46 


r Radiographic  sen  .itivityj 


_JZI “ 


Radiograph ic  contrast 


Subject  contrast 


Film  contrast  j 


j  Definition""] 
[Geometric  f; actors 


p~~Trrtr“_"  '“i 

Film 

resolution 


Affected  by: 

a.  Thickness  dif-  a. 
ferences  in 
specimens 

b.  Radiation  quality  b. 


c.  Scattered  radia¬ 
tion  caused  by 
object  and  son 
medium  in  which 
it  is  placed 


Affected  by: 
Type  of  film 


Development 
time,  temperature 
and  agitation 

Density 


Activity  of 
developer 


Affected  by 

a.  Source  of 
spot  size 


b.  Source *f|lm 
distance 


.Affected  by: 
a.  Type  of  film 


b,  Type  of  screen 


c.  Specimen- film  c.  Radiation 

distance*  quality 

d.  Abruptness  of  d.  Development 
thickness  changes 

in  specimens 

e.  Screen- film 
contact 


Reduced  by: 

a.  Masks  and  diaphragris 

b.  Filters 

c.  oeau  ,  -■  ->cn" 


These  factors  are  controlled  indirectly  by  use  of  an  image  intensifier 


Figure  17.  Factors  affecting  sensitivity 
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Figure  18.  Pulsed  X-ray  system  with  high-gain  image  intensifiers  in  tandem 


The  gain  of  the  tandem  arrangement  of  two- image  intensifiers  ranges 
from  approximately  4.S  x  10^  to  7.5  x  lO'7  (65-79  decibels).  The  resolution  for 
the  Westinghouse  9 -inch  Dynascope,  Model  XS20-500/4-5  Image  Intensifier  is 
approximately  2  ip/mm.  For  the  Radio  Corporation  of  America  units ,  resolution 
values  are  10-17  «.p/mn.  With  such  high,  light -intensity  gain,  X-ray  intensity 
at  the  input  screen  of  the  first  image  intensifier  can  be  greatly  reduced.  For 
example,  the  accelerating  potential  of  the  Zenith  X-ray  tube  with  certain 
modifications  might  be  reduced  to  considerably  less  than  its  50-kv,  miniimm- 
operating  level.  If  such  a  reduction  in  voltage  could  be  made  by  modifying  the 
Zenith  Multiple  Flash  X-Ray  System,  the  following  improvements  would  result: 

(1)  Softer  X  rays  could  be  generated  so  as  to  provide  greater  contrast 
between  the  soils  and  the  test  object,  provided  the  X  rays  could  penetrate  the 
media. 

(2)  Since  a  reduced  accelerating  potential  can  be  more  easily  con¬ 
trolled,  it  should  be  feasible  to  increase  the  pulse -repet it ion  frequency  and 
make  it  variable.  Repetition  frequencies  as  high  as  40  kilocycles  (kc)  should 
be  possible  (sampling  at  40  kc  allows  one  to  resolve  20-kc  information) .  Also, 
the  pulsed  energy  impinging  on  the  tungsten  target  of  the  X-ray  tube  is  reduced 
considerably,  thereby  allowing  the  X-ray  tube  to  be  operated  continuously  if 
desired.  The  lowered  potential  should  also  largely  eliminate  the  problems  with 
kickback  surges  experienced  with  the  150kv  pulses  which  invariably  trip  the 
safety  relays  in  vl*e  Zenith  Multiple  Flash  X-Ray  System. 

Finally,  there  should  be  some  additional  light  intensity  resulting 
f  .  ,  r'-,»  very  high  gain  of  the  second  image  -  intens *  '’>*•  which  could  be 

traded  off  in  the  reduction  of  scattering  by  the  addition  of  lead  screens  on  the 
back  side  of  the  soil  bin.  The  reduced  X-ray  levels  are,  of  course,  safer  to  work 

with. 

Other  combinations  worth  considering,  which  may  or  may  not  utilize  the 
image  intensifiers,  include  the  following: 

(1)  Modified  Zenith  Miltiple  Flash  X-Ray  System  with  iaagv  intensifiers 
in  tandem,  as  shown  in  Figure  18. 

(2)  Modified  low-voltage  Field  Mission  Corporation  Fcxitrcn  with  two 
image  intensifiers,  as  shown  in  Figure  18  with  a  programable  sequence  of  3  or 
more  pulses. 
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(3)  High-voltage  Field  (mission  Corporation  Fexitron  Model  (300  kv  or 
greater)  activating  photographic  film  placed  directly  behind  the  soil  bin.  (The 
image  intensifiers  could  be  used  with  this  system  whereby  the  image  on  the  out 
put  screen  of  the  image  intensifier  could  be  photographed  with  a  16-  or  35-mm 
camera.) 

(4)  Use  of  an  electron  optical  system  such  as  the  Cinelix  (Holland) 
with  the  Radio  Corporation  of  America  two-  or  three -stage  image  intensifier. 


CONCLUSIONS  AND  RECOMMENDATIONS 


1.  Conclusions. 

a.  General . 

From  the  pilot  tests  it  can  be  concluded  that  soil  is  a  severe 
X-ray-scattering  medium.  However,  there  is  a^iple  indication  that  this  can  be 
reduced  to  a  tolerable  extent  by  use  of  a  lead  mask  that  allows  X  rays  to  pass 
into  the  soil  sample  over  the  field  of  view  only,  and  by  use  of  an  X-ray  mesh 
in  front  of  the  film.  The  maximum  density  and  thickness  of  soil  that  can  be 
penetrated  by  the  Zenith  Miltiple  Flash  X-Ray  System  is  5  inches  of  Ottawa  sand 
at  112  pcf.  More  success  was  obtained  with  the  Field  Emission  (300-kv)  Fexitron 
by  penetrating  8  inches  of  Ottawa  sand  at  approximately  the  same  density. 

By  using  the  12 -inch  shock  tube,  the  average  range  of  density 
changes  that  might  be  expected  in  soil  columns  confined  in  test  containers  is 
r-.5  percent  for  dense  sands  to  5  percent  for  loose  clay.  This  range  is  below  the 
density  change  (greater  than  5  percent)  that  oust  occur  to  be  detected  as  a 
contrast  difference  by  the  Zenith  Multiple  Flash  X-Ray  System.  Some  of  the  best 
static  X-ray  techniques  employed  in  flaw  detection  of  weapon  cc^onents  cannot 
distinguish  density  changes  of  less  than  2  percent;  consequently,  the  usefulness 
of  X  rays  in  detecting  dynamic  density  changes  must  be  confined  to  failure-mode 
studies  where  density  changes  of  5  to  15  percent  are  common. 

b.  Zenith  Multiple  Flash  X-Ray  System. 

Quantitative  data  have  not  been  obtained  in  the  soil  dynamics 
pilot  studies  with  the  Zenith  Multiple  Flash  X-Ray  System.  Howmver,  the 
experimental  data  obtained  with  this  system,  though  qualitative,  allow  some 
conclusions  to  be  drawn  about  the  system's  capabilities  as  well  as  its  feasibility 
as  a  tool  tor  measurement  of  dynataic  soil.  The  conclusions  arc  as  follows: 

(1)  It  is  evident  from  the  tests  that  the  X-ray  intensity  per  pulse 
is  not  adequate  to  study  soil  sables  over  5  inches  thick. 

(2)  There  are  undesirable  limitations  on  the  model  site  and  soil 
sample  density  largely  because  of  inadequate  X-ray  intensity. 

(3)  Considerable  geometric  distortion,  vignetting,  and  a  large 
portion  of  the  field  of  view  are  lost  because  of  the  8 -inch -diameter  image 


intensifier  being  used;  however,  vastly  unproved  image  intensifiers  are  now  on 
the  market. 

(4)  Where  soil  movement  or  particle  \  locities  are  under  100  fps, 
the  shadow-edge  smearing  is  about  1.2  mils.  In  comparison,  this  decreases  the 
resolution  far  less  than  the  edge  unsharpness  produced  by  scattering. 

(5)  The  technique  for  producing  eight  frames  of  35-nm  film  is  good; 
however,  frame  rates  to  10,000  per  second  are  desirable  to  resolve  the  interaction 
effects  caused  by  the  leading  edge  of  a  stress  wave  with  an  object  embedded  in 
soil. 

(6)  The  incorporation  of  an  image  intensifier  makes  it  possible  to 
photograph  the  object  X-rayed  on  16-  or  35-nm  film,  thereby  eliminating  a  difficult 
film-transport  problem.  Because  of  the  transport  problem,  one  cannot  take  advantage 
of  the  resolution  obtainable  by  placing  the  film  directly  behind  the  soil  bin  if 
more  than  one  frame  is  required. 

It  was  concluded  that  to  increase  the  capability  and  reliability 
of  tiie  Z».»Uh  multiple  n«»h  X ■  Ray  Syz ten  to  the  point  where  it  could  be  used  for 
dynamic  soil  measurements  would  require  the  following  action: 

(a)  Return  the  multiple  flash  X-ray  system  to  the  Zenith  Re¬ 
search  Corporation  to  determine  and  eliminate  the  high- 
voltage  reflections  in  the  X-ray-tube  circuit  which  have 
been  the  cause  of  repeated  malfunctions  and  erratic 
operation. 

(b)  Use  um,  9-inch  Dynascope,  Model  XS20-!>00/4-5 

Image  Intensifier  with  the  Radio  Corporation  of  America 
IViD-Stage  Image  Intensifier,  Model  C70012,  with  magnetic 
focusing  to  provide  an  overall  light -intensity  gain 

of  nearly  106  (Figs.  19,  20).  Provide  the  necessary 
coupling  optics  between  the  output  of  the  tw>-stage 
intensifier  and  the  35 -nw  camera. 

(7)  The  X-ray  tube  in  this  system  appears  to  change  its  impedance 
as  a  function  of  the  total  raaber  of  times  it  has  been  pulsed;  this  results  in 
voltage  reflections  hack  into  the  system. 

The  above  modifications  would  provide  a  system  with  the  same 
resolution  (l.S  tp/mm)  and  the  same  pulse -repet  it  ion  rates  as  before;  however, 
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Figure  19.  I**g«  intensifiers  in 


the  system  intensity  gain  win  he  two  to  three  orders  of  magnitude  greater,  and 
the  vignetting  will  be  greatly  reduced.  This  would  al'  w  the  X-ray  system  to 
be  operated  with  lower  anode  voltages  and  result  in  lower  intensity  and  a  shifting 
of  the  white  X-ray  spectrum  to  the  long  wavelengths.  Furthermore,  scattering 
unsharpness  could  also  be  reduced  to  adding  lead  screens,  filters,  and  masks. 

c.  Field  Emission  Corporation  Flash  X-Ray  System. 

Four  different  radiographs  were  taken  with  a  single-pulse  Field 
Emission  (300-kv)  Flash  X-Ray  System  of  lead  pellets  positioned  througnout  an 
8-inch-wide  soil  bin  filled  with  Ottawa  sand.  The  X  rays  successfully  penetrated 
the  8  inches  of  Ottawa  sand,  and  the  radiograph  taken  of  the  emnedded  pellets  was 
sharp  and  showed  good  contrast.  Based  on  these  results  alone,  it  can  be  concluded 
that  this  system  can  be  used  successfully  for  a  nunber  of  the  previously  mentioned 
dynamic  soil  tests. 

It  can  be  further  concluded  that  the  system  has  the  potential  for 
making  dynamic  soil  measurements  because  of  the  following  features: 

(1)  It  is  simple,  easy  to  operate,  and  highly  reliable. 

(2)  Its  building -block  design  provides  considerable  flexibility, 
lit  is  possible  to  start  with  a  single-pulse  unit  and  progressively  add  as  many 
pulses  as  required.  The  feasibility  of  a  sin-pulse  system  lias  been  demonstrated.) 

(3)  It  has  an  extremely  short  pulse  width  so  that  radiograph 
smearing  is  no  problem  ever,  for  object  movements  as  high  as  10,000  fps. 

5 

(4)  It  has  a  programable  pulse -repet  at  ion  rate,  10  pps  lor  a 
single-tube  X  ray,  10b  pps  for  a  multiple  X-ray  system. 

The  radiographs  were  taken  by  placing  film  directly  behind  the 
soil  bin.  This  gives  maximm  geometric  resolution.  It  is  concluded  that  with 
the  use  of  an  image  intensifier  and  a  3 5 -am  camera,  the  resolution  should  be 
the  same  as  that  obtained  with  the  Zenith  Miltiple  Flash  X-Ray  System. 

2.  Reconmendat ions . 

a.  Basic  Field  Emission  System. 

A  comparison  of  the  two  flash  X-ray  systems  shows  that  the  Field 
Emission  Corporation  Fexitron  f'OO-kv)  Flash  X-Ray  has  the  greater  penetration 
capability  and  flexibility  and  appears  to  be  more  suitable  for  dynamic  soil 
measurements.  Flexibility  is  contained  in  its  controllable  pulse -repetition  rate, 
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remote  operation  of  the  X-ray  tube  (up  to  60  feet  from  the  power  unit) ,  multiple- 
tube  X-ray  operation,  and  the  capability  of  adding  pulsers  (six,  possibly  more) 
to  the  basic  unit.  It  is,  therefore,  reconmer.ded  that  the  basic  single,  18 -nsec 
pulse,  300-kv  systan  be  obtained  to  do  the  following: 

(1)  Conduct  a  series  of  tests  on  buried  objects  and  models  on 
soil -bin-boundary  effects  and  on  the  physical  changes  of  soil  stress  and  motion 
gages  under  static  and  dynamic  loads. 

(2)  Determine  the  maximum  usable  depth  of  penetration  of  X  rays 
in  soil  and  silt. 

(3)  Determine  the  maximum  resolution  obtainable  from  a  test  object 
based  on  its  relative  position  in  the  soil  bin  by  varying  the  soil  and  the  material 
of  the  test  object  and  by  using  filter,  mask,  lead  screen,  and  special  types  of 
X-ray  film. 

(4)  If  it  is  necessary  to  include  an  image  intensifier  in  the  system, 
determine  the  maximum  resolution  obtainable  with  the  16-  or  35-m®  camera  used  with 
the  image  intensifier.  Also,  determine  the  advantages,  for  example,  when  Kodak 
Royal  Blue  film  is  positioned  directly  behind  the  soil  bin, 

(5)  Determine  the  minimum  detectable  density  variation  of  soil , 
possibly  in  stratified  layers. 

(6)  Determine  the  reliability  of  the  system  by  monitoring  its 
performance  and  the  time  required  for  servicing  and  replacement  of  exponents. 

If,  after  the  tests,  the  feasibility  and  practicality  of  the  single-pulse  X-ray 
system  has  bee.,  adequately  demonstrated,  then  it  should  be  expanded  to  a  six- 
pulse  system  having  variable  pulse -repetition  capability  with  a  maximum  rate  of 
100,000  pps.  Such  an  X-ray  system  should  be  capable  of  radiographing  the 
interaction  of  the  leading  edge  of  the  stress  wave  with  models  buried  in  soil. 

b.  Other  Available  X-Ray  Systems. 

Available  equipment  should  be  investigated  to  determine  if  any 
other  X-ray  unit  in  combination  with  usage  intensifies  and  other  equipment 
would  yield  a  more  optimum  system  for  measurements  in  soil.  Of  major  importance 
would  be  the  selection  of  equipment  to  reduce  the  effects  of  scattering  by  soil. 

c.  New  Concept a  and  Techniques. 

Improvement  of  present  concepts  and  techniques  should  «lso  be 
investigated.  For  exm^le,  the  advantage  of  a  600-  or  2,000-kv  single-pulse 
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X-ray  system  over  a  300-kv  system  may  be  significant  enough  in  penetrability  alone 
to  warrant  its  use  in  specific  tests. 

The  feasibility  of  the  application  of  radioactive  isotopes  to 
dynamic  soil  measurements  should  also  be  investigated  further.  The  gamma-ray 
energies  of  some  of  the  more  important  gama-ray-emitting  sources  range  from 
75  Kev  to  2.8  Msv.  Cobalt  60  has  a  half  life  of  5.22  years  and  gamma-ray 
energies  of  1.2  and  1.3  Mev.  Studies  should  involve  placement  of  isotopes  in 
soil,  exposure  tunes,  safe  handling,  scattering,  and  absorption. 

The  use  of  the  Mossbauer  effect  with  the  ganma  ray-emitting  sources 
to  show  the  movement  of  test  objects  in  soil  is  one  of  the  areas  warranting  further 
research.  It  should  consist  of  a  feasibility  study  of  the  application  of  the 
Doppler  shifting  of  the  photon,  by  rapidly  moving  the  test  object  (photon 
receiver),  to  the  problem  of  measurement  in  dynamic  soil. 

d.  Mev  X-Ray  Systems. 

Experiments  have  demonstrated  that  a  field-emission-type  X-ray 
system  is  capable  of  penetrating  8  inches  of  Ottawa  sand.  Although  this 
penetrability  is  sufficient  for  certain  dynamic  soil  tests,  it  would  be  advan¬ 
tageous  to  be  able  to  penetrate  10  to  20  inches  of  Ottawa  sand..  This  would 
allow  placing  larger  models  in  the  soil  bin  which,  in  turn,  would  help  reduce 
the  effects' of  the  side  walls  of  the  soil  bin.  High-penetrability  requirements 
call  for  X-ray  systems  is  the  million-electron-volt  class.  Such  X-ray  systems 
are  commercially  available.  For  example,  Field  Baission  Corporation  X-Ray 
Systems  are  available  in  the  2 -Mev  range,  the  Betatron  can  prohace  10-  to  20 -May 
X  rays  (Allis  Chalmers  and  General  Electric  models),  and  the  linear  accelerator 
can  produce  highly  intense  X  rays  in  excess  of  10  Mev, 

All  of  these  high- intensity  X-ray  systems  are  manufactured  foT 
practical,  or  commercial,  applications  and  are  av»*’*ble  in  relatively  small 
units  (200  to  300  cubic  feet). 

Application  and  use  of  such  high -intensity  X-ray  systems  are  areas 
that  heretofore  have  not  beer  carefully  considered;  they  warrant  further  study, 
particularly  in  light  of  the  need  and  desirability  of  using  thick  soil  samples. 
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